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C H A P T E R 1 

INTRODUCTION 

T h e r m o E l e c t r o n C o r p o r a t i o n , in the p e r f o r m a n c e of C o n t r a c t 

A T ( 3 0 - 1 ) - 3434, " E v a l u a t i o n of C e r m e t F u e l s w i th R h e n i u m E m i t t e r s , " 

s p o n s o r e d by the A t o m i c E n e r g y C o m m i s s i o n , c a r r i e d out an i n - p i l e 

t e s t of a t h e r m i o n i c d iode , S D - 4 . 

T h e r m o E l e c t r o n C o r p o r a t i o n d e s i g n e d and f a b r i c a t e d the t h e r m i ­

onic d iode and the i n - p i l e c a p s u l e . B a t t e l l e M e m o r i a l I n s t i t u t e , a s a 

s u b c o n t r a c t o r 5 f a b r i c a t e d the fueled e m i t t e r , c a r r i e d out the i n - p i l e 

t e s t i n g , and p e r f o r m e d the ho t c e l l e x a m i n a t i o n . 

T h e t e s t c o n s i s t e d of a c y l i n d r i c a l t h e r m i o n i c c o n v e r t e r wi th a 

r h e n i u m e m i t t e r fueled w i th a c e r m e t of UO -W. The e x t e r n a l e n v i r o n ­

m e n t of the c o n v e r t e r -was a s t a t i c v a c u u m f o r m e d by an i n i t i a l p u m p - o u t 

a n d sea l -o f f of a s t a i n l e s s s t e e l h o u s i n g . The t e s t o p e r a t e d i n - p i l e 

for 8125 h o u r s o v e r a p e r i o d of about two y e a r s . M o r e than 80 c y c l e s 

betw^een shutdown and full pow^er o c c u r r e d d u r i n g th i s p e r i o d . The 

a v e r a g e e l e c t r o d e p o w e r d e n s i t y t h r o u g h o u t the t e s t l i f e t i m e •was 

7 . 8 w a t t s / c m , F o r fixed r e f e r e n c e l e v e l s of r e a c t o r p o w e r , c e s i u m 

p r e s s u r e , and c o l l e c t o r t e m p e r a t u r e j the d iode p e r f o r m a n c e w a s s t a b l e 

t h r o u g h o u t the l i fe of the t e s t . The t e s t w a s t e r m i n a t e d when d i f f icu l t ies 

o c c u r r e d in a u x i l i a r y h e a t e r s and coolan t s y s t e m s c a u s i n g a l o s s of con ­

t r o l of the c e s i u m r e s e r v o i r t e m p e r a t u r e . A c o m p l e t e hot c e l l e x a m i n a ­

t ion of the d iode "was p e r f o r m e d fol lowing the i n - p i l e t e s t . 
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C H A P T E R 2. 
r i O D E DESIGN AND F A B R I C A T I O N 

The diode d e s i g n u s e d in the i n - p i l e p r o g r a m ( F i g u r e 2. 1) p e r m i t s 

e i t h e r o u t - o f - p i l e t e s t i n g wi th e l e c t r i c a l h e a t i n g o r m - p i l e t e s t i n g 

w i t h f i s s i o n hea t i ng - The b a s i c d e s i g n ph i lo sophy is to a l low c o m p l e t e 

t e s t i n g of the diode o u t - o f - p i l e wi th only m i n o r m o d i f i c a t i o n s n e c e s s a r y 

for t e s t i n g i n - p i l e The d e s i g n i n c l u d e s p r e v i s i o n s for i n d e p e n d e n t 

c o n t r o l of e m i t t e r , c o l l e c t o r , and c e s i u m r e s e r v o i r t e m p e r a t u r e s . 

In a d d i t i o n , the c o l l e c t o r coo l ing a r r a n g e m e n t p e r m i t s an a c c u r a t e 

c a l o r i m e t r i c m e a s u r e m e n t to be m a d e of to ta l h e a t r e j e c t e d T h u s a 

r e l i a b l e e s t i m a t e of c o n v e r t e r e f f i c i ency can be ob t a ined d u r i n g both 

o u t - o f - p i l e and i n - p i l e t e s t i n g . In T a b l e 2 i , a s u m m a r y of the 

c o n v e r t e r d e s i g n p a r a m e t e r s is p r e s e n t e d . 

The c e r m e t fuel is in a hol low c y l i n d r i c a l shape and is c l ad 

i n t e r n a l l y wi th t u n g s t e n and e x t e r n a l l y wi th r h e n i u m F a b r i c a t i o n of 

the fuel e m i t t e r p e r f o r m e d by BMI is fully d e s c r i b e d in Append ix A . 

The p u r p o s e of the i n t e r n a l c l ad is to s u p p r e s s e v a p o r a t i o n of the 

u r a n i u m c o n t a i n e d in the c e r m e t By p r e v e n t i n g th i s e v a p o r a t i o n , 

l o s s of fuel is m i n i m i z e d and the s t a b i l i t y of e l e c t r o n b o m b a r d m e n t 

h e a t i n g i s g r e a t l y innproved T h e r m o c o u p l e h o l e s a t t h r e e a x i a l 

l o c a t i o n s in the fuel annu lus a r e p r o v i d e d to ob t a in an a x i a l t e m p e r ­

a t u r e p ro f i l e of the fueled e m i t t e r d u r i n g o u t - o f - p i l e t e s t i n g . The 

r h e n i u m e x t e r n a l c l ad on the fuel a l s o a c t s a s the e m i t t e r . T h i s c l ad 

h a s an e x t e n s i o n a p p r o x i m a t e l y 0 4 inch l o n g e r than the fueled l eng th , 

w h i c h s e r v e s a s the ""optinnized l ead " The e x t e n s i o n is j o ined to a 

m o l y b d e n u m s u p p o r t r i n g w h i c h , in t u r n , i s j o i n e d to one of the n iob ium 

s e a l f l anges The o t h e r end of the r h e n i u m e i n i t t e r h a s a s m a l l d i a m e t e r 

pin w h i c h f i ts into an i n s u l a t e d hole in the c o l l e c t o r b o t t o m T h i s pin 

p r o v i d e s a d d i t i o n a l s u p p o r t and a l i g n m e n t for o p e r a t i o n and for any s h o c k 

10 
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Figure 2. 1 SD-4 Diode 
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TABLE 2. 1 

SUMMARY OF SD-4 DESIGN PARAMETERS 

F u e l F o r m : 

T y p e 
F u e l 
D i l u e n t 
L o a d i n g , vol . % UOg 
D e n s i t y , % 
G e o m e t r y 
T h i c k n e s s , i n c h e s 
I n n e r C l a d 

E m i t t e r : 

M a t e r i a l 
T h i c k n e s s , i n c h e s 
S u r f a c e Cond i t ion 
D i a m e t e r , i n c h e s 
L e n g t h , i n c h e s 
A r e a , cm' 

Diode S t r u c t u r e : 

I n s u l a t o r 
F l a n g e s 
C o l l e c t o r 
C e s i u m R e s e r v o i r 
E m i t t e r S u p p o r t 
E x t e r i o r E n v i r o n m e n t 

C e r m e t 
UO3 
W 
80 
95 
A n n u l a r 
0 080 
W 

R h e n i u m 
0 . 0 1 8 
T r e a t e d 
0 500 
1 500 
15 

A I 3 Q 3 
Nb 
Nb (Mo coated) 
Ni 
Mo 
V a c u u m {'^iO m i c r o n s ) 
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a n d v i b r a t i o n which m i g h t o c c u r d u r i n g sh ipp ing and hand l ing . 

I n s i d e the i n n e r t u n g s t e n l i n e r of the fuel is a cav i ty to p e r m i t 

e l e c t r o n - b o m b a r d m e r t h e a t i n g cf the fueled e m i t t e r The e l e c t r o n -

b o m b a r d m e n t gun which o c c u p i e s th i s cav i ty d u r i n g o u t - o f - p i l e t e s t i n g 

c o n s i s t s of a h e l i c a l f i l a m e n t a t t a c h e d to a m a s s i v e c e n t r a l r o d for 

a l i g n m e n t . The gun i n c l u d e s e l e c t r i c a l i n s u l a t o r s and i ts own r a d i a t o r 

to d i s s i p a t e h e a t conduc t ed out of the cav i t y A f t e r e l e c t r i c a l t e s t i n g 

i s c o m p l e t e d , the gun is r e m o v e d and the " c l o s u r e p lug" is w e l d e d a s 

shown m F i g u r e 2. 1 In m a k i n g th i s we ld , no o t h e r p a r t of the diode 

s t r u c t u r e is h e a t e d , thus e l i m i n a t i n g any t e m p e r a t u r e effect on the 

r e s t of the s t r u c t u r e T h i s is a key a s p e c t of the d e s i g n b e c a u s e it 

i n s u r e s tha t a va l id c o m p a r i s o n can be m a d e of i n - p i l e to o u t - o f - p i l e 

diode b e h a v i o r If the c o n v e r t e r w e r e t h e r m a l l y c y c l e d o r o t h e r w i s e 

a f fec ted d u r i n g th i s o p e r a t i o n , the c a u s e of any change in b e h a v i o r 

cou ld not be r e l i a b l y d e t e r m i n e d 

At a r a d i a l gap of about 0 010 inch f r o m the e m i t t e r , t h e r e is a 

c y l i n d r i c a l c o l l e c t o r m a d e of m a s s i v e n i o b i u m The c o l l e c t o r is j o ined 

a t one end to one of the n iob ium s e a l f l anges and , a t the o t h e r end , to 

the b o t t o m c o l l e c t o r plug S h e a t h e d b e a t e r s a r e i m b e d d e d in the 

ou t s i de s u r f a c e of the c c l l e c t c r . A n iob ium tube c o v e r s t h e s e h e a t e r 

w i r e s and p r o v i d e s a s m c c t h su r f ace for the " h e a t choke" f i n s , wh ich 

m a i n t a i n the d i f f e r ence b e t w e e n the c o l l e c t o r t e m p e r a t u r e and the 

w a t e r coo lan t t e m p e r a t u r e . T h e s e fins a r e nnade of n iob ium and a r e 

j o i n e d on t h e i r ou t s i de s u r f a c e tc a w a t e r - c o o l i n g j a c k e t a l s o m a d e of 

n i o b i u m . The c o m b i n a t i c r s of the h e a t e r w i r e s wi th the h e a t choke fins 

cons t i t u t e s the c o l l e c t o r t e m p e r a t u r e c r n t r o l s c h e m e S ince th i s e n t i r e 

s t r u c t u r e is b r a z e d t o g e t h e r , a c c u r a t e p r e d i c t i o n and c o n t r o l of c o l l e c t o r 

t e m p e r a t u r e is p o s s i b l e The t h i c k n e s s of the c o l l e c t o r w a s s e l e c t e d a s a 
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c o m p r o m i s e b e t w e e n the s p a c e a v a i l a b l e in the i n - p i l e t e s t hole (2. 75 

inches ) and the t e m p e r a t u r e u n i f o r m i t y of the c o l l e c t o r . T h r e e h o l e s 

a r e p r o v i d e d in the c o l l e c t o r w a l l s for s h e a t h e d t h e r m o c o u p l e s to 

ob t a in a m e a s u r e m e n t of the a x i a l t e m p e r a t u r e v a r i a t i o n . 

The c e s i u m r e s e r v o i r t ubu la t i on i s j o ined to the b o t t o m c o l l e c t o r 

plug and c o m m u n i c a t e s wi th the diode th rough s l a n t e d h o l e s in the 

b o t t o m plug. At the o t h e r end of the t ubu l a t i on , t h e r e is a c e s i u m 

r e s e r v o i r c h a m b e r . The d e s i g n of th i s c h a m b e r p r e v e n t s l iqu id 

c e s i u m f r o m sp i l l i ng into the diode r e g a r d l e s s of i t s i n c l i n a t i o n . T h u s , 

d u r i n g d i s a s s e m b l y in the ho t c e l l , a l l c e s i u m can be r e m o v e d f rom the 

c o n v e r t e r by cu t t ing off the c e s i u m r e s e r v o i r ; t h e r e f o r e , no c o n ­

t a m i n a t i o n of the diode i n t e r i o r wi th c e s i u m oxide n e e d o c c u r . 

S h e a t h e d h e a t e r w i r e is b r a z e d to the r e s e r v o i r , and c o p p e r s t r a p s a r e 

c o n n e c t e d f r o m the r e s e r v o i r to the w a t e r coo l ing j a c k e t s u r r o u n d i n g 

the c o l l e c t o r . T h i s c o m b i n a t i o n of h e a t e r w i r e and coo l ing s t r a p s 

p e r m i t s c o n t r o l of the c e s i u m r e s e r v o i r t e m p e r a t u r e d e s p i t e the 

u n c e r t a i n t i e s in g a m m a h e a t i n g r a t e s . 

The m a i n diode i n s u l a t o r s e a l is of the S E T ' type of c o n s t r u c t i o n 

and c o n s i s t s of n iob ium f l anges b r a z e d to a l u m i n a r i n g s . The e m i t t e r 

c u r r e n t l e a d s a r e c o n n e c t e d to the enn i t t e r s u p p o r t r i n g wi th t h r e a d e d 

s c r e w s . The c o l l e c t o r c u r r e n t l e a d s a r e c o n n e c t e d to a f lange on the 

ou t s i de coo l an t j a c k e t wi th t h r e a d e d r o d s h e l d by n u t s . I n l e t and 

ou t l e t w a t e r t u b e s a r e b r a z e d a t the top end of the coo lan t j a c k e t , 

w h i c h c o n t a i n s a double t h r e a d for w a t e r flow. 

F i g u r e s 2. 1 t h rough 2 . 1 2 show p h o t o g r a p h s of the diode d u r i n g 

v a r i o u s s t a g e s of c o n s t r u c t i o n . 
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Figure 2 . 4 . Water Coolant Jacket 
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Figure 2. 5. Outer Coolant Container 
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Figure 2 . 6 . Assembly of Diode Components 
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Figure 2 .7 . Outer Coolant Assembly 
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Figure 2. 8 Main Diode Insulator Assembly 
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Figure 2. 9. E lec t ron Bombardnnent Heater 
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Figure 2. 10. Final Subassembly of Diode SD-4 
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Figure 2. 11. Final Subassembly of Diode SD-4 
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Figure 2 .12 . Final Assembled Converter 
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C H A P T E R 3 
I N - P I L E C A P S U L E DESIGN AND F A B R I C A T I O N 

A . DESIGN 

The d e t a i l e d d e s i g n of the c a p s u l e a s s e m b l y is shown in F i g u r e s 

3. 1 and 3. 2. The diode w a s ins ide a s t a i n l e s s s t e e l " h o u s i n g tube" 

which w a s e v a c u a t e d and s e a l e d off a f t e r a s s e m b l y . The v a c u u m 

e n v i r o n m e n t p r o t e c t e d the e x p o s e d r e f r a c t o r y m e t a l s f r om ox ida t ion 

d u r i n g h igh t e m p e r a t u r e o p e r a t i o n and p r o v i d e d the i n s u l a t i n g effect 

n e c e s s a r y for a c c u r a t e c a l o r i m e t r i c m e a s u r e m e n t s of diode e f f i c iency . 

T h e diode w a s pos i t i oned r a d i a l l y wi th in the tube by a " c e r a m i c s p a c e r 

d i sk" wh ich w a s bo l t ed to the c o l l e c t o r c u r r e n t f l ange . A x i a l pos i t i on ing 

w a s m a i n t a i n e d by the two so l id c y l i n d r i c a l c o l l e c t o r c u r r e n t l e a d s , 

a l s o a t t a c h e d to the c o l l e c t o r c u r r e n t f l ange . T h e s e l e a d s e x t e n d e d 

u p w a r d for about t h r e e i n c h e s and w e r e jo ined a t tha t point to a 

t h i c k e r s ing le rod . T h i s r o d e x t e n d e d u p w a r d about s ix feet m o r e and 

w a s b r a z e d into the v a c u u m s e a l p l a t e . T h u s , the diode w a s a x i a l l y 

s u p p o r t e d f r o m the v a c u u m s e a l p la te t h rough the c o l l e c t o r c u r r e n t l e a d s 

The e m i t t e r c u r r e n t l e a d s w e r e c a b l e s f lex ib ly a t t a c h e d to the 

e m i t t e r plug on the d iode . The e m i t t e r l e a d s w e r e c o a x i a l s h e a t h e d 

w i r e . The s h e a t h w a s e l e c t r i c a l l y i n s u l a t e d by c o m p a c t e d MGO , but 

w a s s w a g e d in c l o s e t h e r m a l c o n t a c t wi th the e m i t t e r l ead . L e a d 

coo l ing (to wi th in a p p r o x i m a t e l y 2 i n c h e s of the e m i t t e r l e ad c o n ­

n e c t i o n to the diode) w a s p r o v i d e d by a t t a c h i n g the c o l l e c t o r w a t e r 

l i n e s d i r e c t l y to the s h e a t h . The t e m p e r a t u r e d i f f e rence b e t w e e n the 

diode c o n n e c t i o n and the w a t e r - c o o l e d l ead w a s e s t a b l i s h e d a long 

f lexib le c o p p e r s t r a p s - T h e s e s t r a p s p r o v i d e d t h e r m a l s t r e e r e l i e f 

for the d i f f e r e n t i a l e x p a n s i o n of the c o l l e c t o r and e m i t t e r l e a d s . 
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A u x i l i a r y h e a t e r l e a d s and t h e r m o c o u p l e l e a d s w e r e a l s o m a d e 

t h r o u g h s w a g e d s h e a t h l e a d s to s impl i fy a s s e m b l y p r o c e d u r e s and to 

r e d u c e the o p e r a t i n g t e m p e r a t u r e of the l e a d s . T h e s e l e a d s w e r e 

h e a t e d p r i m a r i l y by g a m m a h e a t i n g . The g a m m a h e a t w a s r a d i a t e d 

f r o m the s u r f a c e of the s h e a t h s to the w a t e r - c o o l e d c a p s u l e w a l l . The 

r e q u i r e d r a d i a t i n g t e m p e r a t u r e of the s h e a t h s w a s r e d u c e d by 

i n c r e a s i n g the e m i s s i v i t y of the s h e a t h s u r f a c e . High s u r f a c e 

e m i s s i v i t i e s w e r e ob t a ined by e s t a b l i s h i n g a th in oxide coa t ing on 

the s h e a t h s p r i o r to i n s t a l l a t i o n in the c a p s u l e a s s e m b l y . S ince each 

l e a d w a s e l e c t r i c a l l y i n s u l a t e d f rom i t s s u r r o u n d i n g s h e a t h , the n e e d 

for the c e r a m i c s p a c e r d i s k s w a s e l i m i n a t e d . T h e n u m e r o u s h e a t e r 

and t h e r m o c o u p l e l e a d s w e r e p o s i t i o n e d w i th in the c a p s u l e by s t a i n l e s s 

s t e e l s p a c e r s . 

A f t e r p a s s i n g t h r o u g h the top s p a c e r d i s k , the l e a d s p e n e t r a t e d 

the v a c u u m s e a l p la te w h i c h w a s the f inal c l o s u r e of the e v a c u a t e d 

h o u s i n g tube . T h i s p la te c o n t a i n e d l e a d t h r o u g h s for the e m i t t e r c u r r e n t 

and vo l tage l e a d s , for the h e a t e r l e a d s , and for a l l t h e r m o c o u p l e l e a d s 

S ince the c o l l e c t o r w a s m a i n t a i n e d at g round p o t e n t i a l , the c o l l e c t o r 

l e a d s and w a t e r coo lan t l i n e s w e r e b r a z e d d i r e c t l y to the v a c u u m 

s e a l p l a t e . 

A g a m m a - h e a t e d z i r c o n i u m g e t t e r l o c a t e d a t the bo t t om of the 

c a p s u l e w a s d e s i g n e d to c o n s u m e the o u t g a s e x p e c t e d to o c c u r f rom 

a l l h e a t e d c o m p o n e n t s w i th in the c a p s u l e . The b o t t o m of the g e t t e r w a s 

b r a z e d to the b o t t o m of the c a p s u l e to p rov ide a d e q u a t e coo l ing for the 

g e t t e r . G a m m a h e a t in the g e t t e r w a s t r a n s f e r r e d a long the length of 

g e t t e r , t h r o u g h the b o t t o m of the c a p s u l e , and into the s u r r o u n d i n g 

w a t e r . The top of the g e t t e r w a s d e s i g ned to o p e r a t e a t about 9 0 0 ° C , 
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and the bo t t om of the g e t t e r about 100°C The v a r i a t i o n in t e m p e r ­

a t u r e a long the e n t i r e g e t t e r i n s u r e d that p o r t i o n s of the g e t t e r 

o p e r a t e d at the c o r r e c t t e m p e r a t u r e for s e l e c t i v e g e t t e r i n g of d i f fe ren t 

g a s e s . Two g e t t e r t e m p e r a t u r e s a r e p a r t i c u l a r l y i m p o r t a n t G e t t e r i n g 

of Og , Ng , CO and CO^ o c c u n e d p r i m a r i l y in a t e m p e r a t u r e r a n g e f rom 

600 to SOO^C H y d r o g e n w a s g e t t e r e d m o s t c o p i o u s l y at about 300^C. 

Above the h o u s i n g tube w a s the offset c o n n e c t i o n c h a m b e r which 

w a s jo ined to the c a p s u l e l e a d tube The c a p s u l e l e ad tube c o n t a i n e d 

a l l the l e a d s l e av ing the h o u s i n g tube and e x t e n d e d a p p r o x i m a t e l y t w e n t y -

five feet up to the top of the r e a c t o r pool The i n s ide of the l ead tube 

w a s d r y , and w a s f i l led wi th h e l i u m gas d u r i n g i n - p i l e o p e r a t i o n . The 

offset c o n n e c t i o n c h a m b e r p r e v e n t e d s t r e a m i n g of n e u t r o n s f rom the 

c o r e to the top of the pool and p r o v i d e d a c o n v e n i e n t a r r a n g e m e n t for 

c o n n e c t i n g the l e a d s f rom the h o u s i n g tube to the c a p s u l e l e ad tube . 

A t the top of the l ead tube p r o v i s i o n w a s nnade for c o n n e c t i n g all the 

i n - p i l e l e a d s to the i n s t r u m e n t a t i o n and t e s t s e tup l o c a t e d on the r e a c t o r 

w o r k i n g f loor 

B . ASSEMBLY 

The a s s e m b l y of S D - 4 into the i n - p i l e c a p s u l e w a s a c c o m p l i s h e d 

wi thou t e n c o u n t e r i n g any s ign i f i can t p r o b l e m s F i g u r e 3 3 shows a 

side view of the l o w e r s e c t i o n of the c a p s u l e , the s e c t i o n wh ich is 

p a r t i a l l y w i t h i n the r e a c t o r c o r e . T h i s s e c t i o n , a p p r o x i m a t e l y 7 feet 

l ong , w a s e v a c u a t e d a f t e r i ts o u t e r s t a i n l e s s s t e e l tube w a s p l a c e d 

o v e r it and w e l d e d . T h e long s h e a t h e d h e a t e r , t h e r m o c o u p l e , and 

vo l t age l e a d s a r e v i s i b l e in the p i c t u r e . A t the b o t t o m end , the 

t e r m i n a l d i s k which c o n n e c t s the s h e a t h e d l e a d s to the c o n v e r t e r l e a d s 

i s v i s i b l e . F i g u r e s 3.4 and 3 5 show the c o n n e c t i o n r e g i o n b e t w e e n 
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the l o w e r s e c t i o n and the uppe r l e ad tube . All j o i n t s m a d e in th i s 

r e g i o n w e r e d e s i g n e d for e a s y d i s c o n n e c t i o n to f ac i l i t a t e p o s t -

i r r a d i a t i o n hand l i ng . The p e n e t r a t i o n s m a d e th rough the s e a l p la te of 

the l o w e r s e c t i o n i n c l u d e d two w a t e r l i n e s , s ix h e a t e r l e a d s , twenty 

t h e r m o c o u p l e l e a d s , s ix vo l tage l e a d s , the e m i t t e r and c o l l e c t o r bus 

b a r s , and an e v a c u a t i o n l i ne . A l l connec t ions w e r e s u c c e s s f u l l y m a d e 

and m a i n t a i n e d d u r i n g sh ipp ing and i n - p i l e o p e r a t i o n . F i g u r e s 3. 6 • ; 

and 3.7 show the i n - p i l e end of the l ower s e c t i o n . The e x t e r i o r of the 

w a t e r - c o o l i n g j a c k e t , the c e s i u m r e s e r v o i r , and the diode l e a d - t h r o u g h 

a r e v i s ib l e i n s ide the s h e a t h e d h e a t e r l e a d s . The f i l a m e n t e x t e n d i n g 

fronri the b o t t o m of the t e r m i n a l d i sk is the h e a t e r i n t ended to c o n t r o l 

the t e m p e r a t u r e of the g e t t e r . T h i s h e a t e r w a s the only p a r t of the 

c a p s u l e a s s e m b l y wh ich w a s not func t ion ing a f t e r s h i p m e n t to the BMI 

r e a c t o r . A p p a r e n t l y , an open c i r c u i t d e v e l o p e d a t one of the c o n n e c t i n g 

t e r m i n a l s l e a d i n g to the h e a t e r s u p p o r t s . 

The o u t g a s s i n g of the l o w e r s e c t i o n w a s c a r r i e d out o v e r a t e n - d a y 

p e r i o d . T h e long l e n g t h s of s h e a t h e d l e a d s e v o l v e d l a r g e v o l u m e s of gas 

w h i c h n e c e s s i t a t e d long o u t g a s s i n g t i m e s . T h e e x t e r i o r of the 2. 7 5 -

inch p ipe , h o u s i n g the l o w e r s e c t i o n , w a s w r a p p e d wi th h e a t e r s . F o r 

one w e e k t h e s e h e a t e r s m a i n t a i n e d the t e n n p e r a t u r e of the pipe above 

7 0 0 ° C . T h e i n t e r n a l t e m p e r a t u r e s r a n g e d f rom 600*C to 2 0 ° C , the 

t e m p e r a t u r e of the coo l ing w a t e r t u b e s . The a d e q u a c y of th i s ou t ­

g a s s i n g p r o c e d u r e can be e v a l u a t e d only by p o s t - i r r a d i a t i o n i n s p e c t i o n 

of the n i o b i u m c o m p o n e n t s of the c o n v e r t e r and by the p e r f o r m a n c e of 

the c o n v e r t e r d u r i n g i n - p i l e o p e r a t i o n . 
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C, HAZARDS ANALYSIS 

The d e t a i l e d h a z a r d s a n a l y s i s of the i n - p i l e t e s t a s s e m b l y was 

c o m p l e t e d and r e v i e w e d by the R e a c t o r S u b c o m m i t t e e of the B a t t e l l e 

R a d i o l o g i c a l Safety C o m m i t t e e R e c o n n m e n d a t i o n s of the S u b c o m m i t t e e 

w e r e to d e l e t e the e m i t t e r t h e r m o c o u p l e s to p r o v i d e m o r e a d e q u a t e 

f i s s i o n p r o d u c t p r i m a r y c o n t a i n m e n t and to s u b s t i t u t e h e l i u m for a r g o n 

a s the l e a d - o u t tube c o v e r g a s . T h e s e r e c o m m e n d a t i o n s w e r e fol lowed 

and the c h a n g e s i n c o r p o r a t e d into the t e s t un i t 

R e a c t o r sa fe ty i n t e r l o c k s r e f l e c t i n g the o p e r a t i o n of the diode i n -

pi le a r e a s fo l lows : 

I Coo lan t flow r a t e - R e a c t o r s c r a m a t coo l an t flow r a t e s 

of l e s s than l / S g p m ; 

2, Diode output c u r r e n t - An aud ib l e and v i s i b l e a l a r m if 

ou tput c u r r e n t d r o p s 25 a m p s b e l o w the no rnna l o p e r a t i n g 

l e v e l and a r e a c t o r s c r a m if t h e output c u r r e n t d r o p s 

50 a m p s b e l o w the n o r m a l o p e r a t i n g l e v e l , 

3. T e m p e r a t u r e - R e a c t o r s c r a m when h e a t e x c h a n g e r 

t e m p e r a t u r e s r i s e to 175°C O u t - o f - p i l e l o s s of coo l an t 

i n f o r m a t i o n i n d i c a t e s t ha t t h i s t e m p e r a t u r e would i n d i ­

c a t e a c o o l a n t l o s s and not c a u s e d a m a g e to the d iode . 

T h i s i n t e r l o c k s e r v e s p r i m a r i l y a s a l o s s - o f - c o o l a n t 

b a c k - u p sa fe ty f e a t u r e 
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D COOLANT SYSTEM 

The coo l an t s y s t e m d e s i g n h a s b e e n c o m p l e t e d and is shown 

s c h e m a t i c a l l y in F i g u r e 3 8. The s y s t e m is c l o s e d and the s u r g e 

t ank is p u r g e d wi th a i r to m i n i m i z e p o s s i b l e gas bu i ldup due to 

r a d i o l y t i c d e c o m p o s i t i o n of the d e m i n e r a l i z e d wa i r r The a n t i c i p a t e d 

coo l an t flow r a t e is 0 3 gpm A p p r r x i m a t e l y 7 ga l lons of w a t e r a r e 

c o n t a i n e d in the s y s t e m 

The p u m p is i n t e r l o c k e d wi th the flow s e n s i n g swi t ch to shut down 

2 s e c o n d s a f t e r a l o s s of low r e a c t o r s c r a m T h i s i s to p r e v e n t 

f i l l ing the diode t e s t s e c t i o n wi th w a t e r shou ld a coolant l e a k d e v e l c p 

w i t h i n the t e s t s e c t i o n . 
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C H A P T E R 4 

DIODE TESTING 

A SUMMARY 

C o n v e r t e r S D - 4 h a s b e e n o p e r a t e d for 100 h o u r s o u t - o f - p i l e and 

about 8125 h o u r s i n - p i l e T h e r e s u l t s ob ta ined du r ing m o s t of the t e s t 

p e r i o d a r e s u m m a r i z e d in F i g u r e 4 i w h i c h d i s p l a y s p o w e r input . 

p o w e r output , e f f ic iency , c e s i u m r e s e r v o i r t e m p e r a t u r e and c o l l e c t o r 

t e m p e r a t u r e T h e po in t s shown r e p r e s e n t t h e da t a r e c o r d e d a t p e r i o d i c 

i n t e r v a l s by the r e a c t o r o p e r a t i n g t e c h n i c i a n s In g e n e r a ] the c e s i u m 

r e s e r v o i r and c o l l e c t o r t e m p e r a t u r e s w e r e m a i n t a i n e d n e a r o p t i m u m 

l e v e l s However-, d a y - t o - d a y d r i f t s in c e s i u m r e s e r v o i r t e m p e r a t u r e 

and in c o l l e c t o r t e m p e r a t u r e o c c u r r e d t h r o u g h o u t the t e s t d u r a t i o n 

T h e to ta l t e s t i n g t i m e can be d iv ided in to eight p e r i o d s T h e 

f i r s t p e r i o d w a s the 1 0 0 - h o u r o u t - o f - p i l e t e s t shown m F i g u r e 4. 1 to 

the left of z e r o h o u r s of i n - p i l e o p e r a t i o n T h e s e c o n d p e r i o d w a s the 

in i t i a l 25 h o u r s of i n - p i l e t e s t i n g T h e t h i r d p e r i o d c o n s i s t e d of a 

t r a n s i e n t m e m i t t e r t e m p e r a t u r e c a u s e d by a r e d u c t i o n in p o w e r input 

t o the e m i t t e r T h i s t r a n s i e n t l a s t e d unt i l the 6 0 0 - h o u r po in t , a l though 

it w a s v i r t u a l l y o v e r by the 3 0 0 - h o u r point T h e fou r th p e r i o d w a s a 

s t e a d y run of about 300 h o u r s at a s l i gh t l y r e d u c e d r e a c t o r p o w e r l eve l 

n e c e s s i t a t e d by a n o t h e r e x p e r i m e n t on the r e a c t o r T h e fifth p e r i o d 

w a s a s t e a d y run f r o m about the 1 4 0 0 - h o u r point to about the 2 6 0 0 - h o u r 

point at full r e a c t o r p o w e r l e v e l s T h e r e a c t o r w a s shut down for 

m o d i f i c a t i o n s a t abou t the 2 6 0 0 - h o u r point T h e s ix th per iOd w a s a 

f a i r l y s t e a d y run a f t e r t he r e a c t o r w a s r e s t a r t e d unti l t h e 6 1 0 0 ' h o u r 

poin t , w h e n a m a l f u n c t i o n in the c e s i u m r e s e r v o i r h e a t e r o c c u r r e d 

The s e v e n t h p e r i o d c o n s i s t e d of o p e r a t i o n wi thout t h e c e s i u m r e s e r v o i r 
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h e a t e r and e x t e n d e d f r o m the 6 1 0 0 - h o u r poin t to t h e 7 3 2 7 - h o u r point . 

Dur ing the in i t i a l p a r t of t h i s p e r i o d D o w t h e r m w a s u sed i n s t e a d of 

w a t e r as a coo lan t to a c h i e v e the d e s i r e d cesiuna r e s e r v o i r t e m p e r a t u r e . 

T h i s p e r i o d ended when the cool ing l i ne s b e c a m e c logged wi th a c a r b o n -

type s u b s t a n c e c a u s e d by d i s s o c i a t i o n of the D o w t h e r m T h e e ighth t e s t 

p e r i o d w a s s t a r t e d a f t e r the c a r b o n s c a l e w a s f lu shed out of the coolant 

l i n e s . H o w e v e r , t he s c a l e bui l t up aga in d u r i n g th i s p e r i o d and f inal ly 

led to t e r m i n a t i o n of t h e t e s t a f t e r 8125 h o u r s . In the fol lowing p a r a ­

g r a p h s , e a c h of t h e s e t e s t p e r i o d s is s u m m a r i z e d . 

T h r o u g h o u t a l l e ight t e s t p e r i o d s , no p e r f o r m a n c e d e g r a d a t i o n of 

the c o n v e r t e r w a s o b s e r v e d . At p e r i o d i c i n t e r v a l s the c e s i u m t e m p e r a ­

t u r e , c o l l e c t o r t e m p e r a t u r e , and p o w e r input w e r e r e s e t at r e f e r e n c e 

l e v e l s c o r r e s p o n d i n g to a da t a point t aken d u r i n g the f i r s t 25 h o u r s . T h e 

po in t s a r e shown in F i g u r e 4. 2 at the 2 5 - h o u r , 1 7 1 1 - h o u r . 261 5 -hou r , 

3 1 1 0 - h o u r , 4 3 0 0 - h o u r , 7 0 0 0 - h o a r , and 7 8 9 0 - h o u r p o i n t s . T h e s e po in t s 

a r e shown in r e l a t i o n to a s w e e p c u r v e t aken d u r i n g the in i t ia l out-of-

p i le t e s t s . D u r i n g the f i r s t 2615 h o u r s , t h e r e f e r e n c e po in t s w e r e 

t a k e n at v e r y c l o s e l y s e t c e s i u m r e s e r v o i r and c o l l e c t o r t e m p e r a t u r e s . 

As m e n t i o n e d in the fol lowing d i s c u s s i o n , a shift in the c e s i u m r e s e r v o i r 

t h e r m o c o u p l e s o c c u r r e d du r ing the shutdown a f t e r the 2 6 1 5 - h o u r poin t . 

T h e r e f o r e , t h e i n d i c a t e d c e s i u m r e s e r v o i r t e m p e r a t u r e s shown for 

s u b s e q u e n t po in t s a r e s o m e w h a t h i g h e r . H o w e v e r , no s ign i f ican t dif­

f e r e n c e is b e l i e v e d to e x i s t in the a c t u a l c e s i u m r e s e r v o i r t e m p e r a t u r e 

for any of the po in t s shown in F i g u r e 4. 1 at l e s s than 5000 h o u r s At 

about the 6 1 5 0 - h o u r poin t , one of the c e s i u m r e s e r v o i r t h e r m o c o u p l e s 

fa i led c o m p l e t e l y . F o r the l a s t two poin ts (7000 and 7890'i it w a s i m p o s ­

s ib l e t o get t he c e s i u m r e s e r v o i r t e i n p e r a t u r e l o w e r than t h o s e v a l u e s 
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shown in F i g u r e 4. 1. D e s p i t e t h e s e d i f f i cu l t i e s , r e m a r k a b l y c l o s e 

a g r e e m e n t w a s o b s e r v e d o v e r a w i d e r a n g e of the 1-V c u r v e t h r o u g h o u t 

the 8125 h o u r s of t e s t i n g . A s u m m a r y of the o p e r a t i n g c h a r a c t e r i s t i c s 

of the c o n v e r t e r o v e r i ts t e s t h i s t o r y is shown in T a b l e 4. 1. 

B. D E T A I L E D DESCRIPTION O F T E S T P E R I O D S 

1. O u t - o f - P i l e T e s t P e r i o d 

T h e c o n v e r t e r w a s o p e r a t i n g o u t - o f - p i l e for a p p r o x i m a t e l y 

100 h o u r s at a v a r i e t y of t e s t cond i t i ons . O v e r 90 p e r c e n t of the 

o p e r a t i n g t i m e w a s at output p o w e r l e v e l s about 8 w / c m \ e l e c t r o d e 

p o w e r d e n s i t y ) . In T a b l e 4. 2, a t y p i c a l o p e r a t i n g point du r ing t h e s e 

t e s t s is d e s c r i b e d . No e v i d e n c e of p e r f o r m a n c e d e g r a d a t i o n w a s 

o b s e r v e d b e t w e e n the beg inn ing and end of the t e s t p e r i o d . In add i t ion 

to s t e a d y - s t a t e o p e r a t i n g da t a , p a r a m e t r i c s w e e p da t a w e r e ob ta ined 

a s sho-wn in F i g u r e 4. 2. 

Hea t t r a n s f e r m e a s u r e m e n t s w e r e m a d e on t h e ceSiUm r e s e r v o i r 

s t r a p s and the heat choke f ins . The t h e r m a l r e s i s t a n c e of the s t r a p s 

w a s de t e rnn ined by m e a s u r i n g the c e s i u m r e s e r v o i r t e m p e r a t u r e as a 

funct ion of p o w e r input to the c e s i u m r e s e r v o i r h e a t e r . S ince g a m m a 

hea t ing of t h e r e s e r v o i r and t h e s t r a p s o c c u r s d u r i n g i n - p i l e opera t ions 

th i s r e s i s t a n c e w a s c r i t i c a l to the a c h i e v e m e n t of r e s e r v o i r t e m p e r a t u r e 

c o n t r o l i n - p l l e . S ince the heat choke fins r e p r e s e n t a f^xed t h e r m a l 

r e s i s t a n c e t h r o u g h w h i c h the hea t r e j e c t e d f r o m the c o l l e c t o r m u s t flow, 

the t e m p e r a t u r e d r o p a c r o s s the f^ns can be used as a t h e r m a l p o w e r 

i n d i c a t o r . T h e r e f o r e , t h e r e l a t i o n s h i p b e t w e e n p o w e r input and t h i s 

t e m p e r a t u r e d i f f e r ence w a s d e t e r m i n e d for S D - 4 du r ing the o u t - o f - p i l e 

t e s t s . T h e s e da ta p r o v i d e d input and e f f ic iency m e a s u r e m e n t s du r ing 

i n - p i l e o p e r a t i o n . 
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TABLE 4. I 

SUMMARY OF SD-4 OPERATING CHARACTERISTICS 

Out 

I n 

- o f - P i l e : 

T e s t T i m e , h o u r s 
/ 2 

A v e r a g e E l e c t r o d e P o w e r D e n s i t y W / c m 

A v e r a g e O v e r a l l Ef f i c iency , ' % 

A v e r a g e E s t i m a t e d E m i t t e r T e m p e r a t u r e , °C 

Diode C h a r a c t e r i s t i c s 

P i l e : 

T e s t T i m e , h o u r s 
2 

A v e r a g e E l e c t r o d e P o w e r D e n s i t y , W / c m 

A v e r a g e O v e r a l l E f f i c i ency , ' % 

A v e r a g e E s t i m a t e d E m i t t e r T e m p e r a t u r e , °C 

Diode C h a r a c t e r i s t i c s 

F u e l C h a r a c t e r i s t i c s 

P o w e r D e n s i t y , W / c m 

E q u i v a l e n t L i f e t i m e of Solid 0 . 9 " F u e l Rod, 
h o u r s 

A v e r a g e B u r n u p , f i s s / c m 

M a x i m u m B u r n u p , f i s s / c m 
235 

A v e r a g e B u r n u p , U a t o m % 
235 

M a x i m u m B u r n u p , U a t o m % 

T o t a l N u m b e r of C y c l e s 

1 0 0 

8. 0 

13. 1 

1600 

Stable 

8125 

7 . 8 

13 .7 

157 5 

Stable 

324 

2 6 , 7 0 0 

S.lxloH 
7. 3 x 1 0 ^ ° 

1.7 

4 . 0 

~ 8 0 

Power output at the t e rmina l s divided by total e l ec t r i ca l power input 
(bombardment plus filament power) . 

Power output at the e lec t rodes divided by the total nuclear power 
input to the emit ter as es t imated by ca lo r ime t ry . 
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TABLE 4. 2 

TYPICAL OPERATING CONDITIONS FOR SD-4 
DURING OUT-OF PILE TESTS 

O 
f 

en 

l-H 

M 
d 

Typ ica l O p e r a t i n g T i m e (hour s ) 

F i l a m e n t Powerj . w a t t s 

B o m b a r d m e n t P o w e r , wa t t s 

T o t a l P o w e r Input, wa t t s 

E s t i m a t e d A v e r a g e E m i t t e r T e m p e r a t u r e °C 

A v e r a g e C o l l e c t o r T e m p e r a t u r e , °C 

Ces ium. R e s e r v o i r T e m p e r a t u r e , °C 

Output C u r r e n t , a m p s 

Vo l t age D r o p in E m i t t e r Lead vo l t s 

Output Vo l t age (At Diode Output T e r m i n a l s ) . , vo l t s 

Output P o w e r (At Diode Output T e r m i n a l s ) wa t t s 

Output P o w e r D e n s i t y (At Diode Output T e r m i n a l s ) , ^ 
w a t t s / c m 

Output P o w e r D e n s i t y (At Diode E l e c t r o d e s ) , w a t t s / c m 

O v e r a l l E f f i c i ency ( E l e c t r i c a l P o w e r a t Te rnn ina l s with no 
H e a t e r Cavi ty C o r r e c t i o n ) , % 

Net Ef f i c iency ( E l e c t r i c a l P o w e r a t T e r m i n a l s with a 
6 0 - w a t t H e a t e r Cavi ty C o r r e c t i o n ) , % 

Net D e s i g n Ef f i c iency ( E l e c t r i c a l P o w e r at E l e c t r o d e s 
wi th a 7 0 - w a t t H e a t e r Cav i ty C o r r e c t i o n ) j % 

1 0 0 

141 

7 0 5 

8 4 6 

1600 

650 

29 8 

168 

0. 101 

0. 680 

114 

7. 60 1 

8 . 7 5 

13. 5 

14, 5 

16 .7 
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2. I n i t i a l I n - P i l e T e s t P e r i o d 

Dur ing the f i r s t 25 h o u r s of o p e r a t i o n , t h e p e r f o r m a n c e of the 

d iode w a s s t e a d y and c l o s e l y d u p l i c a t e d t h e p e r f o r m a n c e o b s e r v e d 

in the 1 0 0 - h o u r o u t - o f - p i l e t e s t . At p e r i o d i c i n t e r v a l s du r ing the in-

p i l e t e s t , d iode c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s w e r e d e t e r m i n e d by 

s w e e p i n g a r o u n d the s t a t i c o p e r a t i n g point . In F i g u r e 4. 2, an i n - p i l e 

I -V c h a r a c t e r i s t i c t aken du r ing th i s p e r i o d is c o m p a r e d to one of the 

o u t - o f - p i l e c h a r a c t e r i s t i c s . T h e o u t - o f - p i l e I -V c u r v e c o r r e s p o n d s 

to a m e a s u r e d c e s i u m r e s e r v o i r t e m p e r a t u r e of 290 ' 'C , a m e a s u r e d 

c o l l e c t o r t e m p e r a t u r e of 670° C, and an e s t i m a t e d e m i t t e r t e m p e r a t u r e 

of 1575 ' 'C . T h e i n - p i l e po in ts ( c i r c l e s ) c o r r e s p o n d to a m e a s u r e d c e s i u m 

r e s e r v o i r t e m p e r a t u r e of 290°C - 305° C , a m e a s u r e d c o l l e c t o r t e m ­

p e r a t u r e of 682° C, and an e s t i m a t e d e m i t t e r t e m p e r a t u r e of 157 5°C. 

T h e tTvo i n e a s u r e d c e s i u m r e s e r v o i r t e m p e r a t u r e s c o r r e s p o n d to 

two d i f fe ren t t h e r m o c o u p l e s a t t a c h e d to the c e s i u m r e s e r v o i r . T h e 

d i f f e r e n c e b e t w e e n the r e a d i n g s is a t t r i b u t e d to the m e t h o d of t h e r m o ­

couple a t t a c h m e n t . In T a b l e 4. 3, the p e r f o r m a n c e is d e s c r i b e d in 

m o r e d e t a i l and c o m p a r e d t o two s u b s e q u e n t o p e r a t i n g p e r i o d s . T h e 

e x c e l l e n t a g r e e m e n t b e t w e e n the i n - p i l e and o u t - o f - p i l e I -V c h a r a c t e r ­

i s t i c s s t r o n g l y r e - e n f o r c e s the va l id i ty of the e m i t t e r t e m p e r a t u r e 

e s t i m a t e s . T h e a g r e e m e n t a l s o i n d i c a t e s t h a t t he i n - p i l e p e r f o r m a n c e 

of d iode S D - 4 w a s v i r t u a l l y i d e n t i c a l to i ts o u t - o f - p i l e p e r f o r m a n c e . 

3. T h i r d P e r i o d 

A f t e r t h e f i r s t 25 h o u r s of s t e a d y o p e r a t i o n , a d rop-o f f in p o w e r 

output w a s o b s e r v e d at a f ixed r e a c t o r p o w e r l e v e l . T h e r e d u c t i o n in 

p o w e r output w a s a c c o m p a n i e d by a c o r r e s p o n d i n g r e d u c t i o n in o p t i m u m 
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TABLE 4. 3 

SUMMARY OF SD-4 REPRODUCIBILITY TESTS 

a 
o 
> 
w 
I—" 

l-H 

M 
d 

4̂  
00 

A c c u m u l a t e d I n - P i l e Tes t T i m e , h o u r s 

R e a c t o r P o w e r Leve l megawa. t t s 

E s t i m a t e d A v e r a g e E i n i t t e r 
T e m p e r a t u r e . °C 

A v e r a g e C o l l e c t o r T e m p e r a t u r e , °C 

A.verage C e s i u m R e s e r v o i r 
T e m p e r a t u r e , ° C * 

Output C u r r e n t , a m p s 

Vo l t age D r o p in E m i t t e r L e a d , vo l t s 

Output Volt?.ge (At Diode Output 
T e r m i n a l s ) , vo l t s 

Output P o w e r D e n s i t y (At Diode Output 
T e r m i n a l s ) , w / c m 

Output P o w e r D e n s i t y (At Diode E l e c t r o d e s ) , 
w / c m 

E s t i n i a t e d Input P o w e r wa t t s 

O v e r a l l Effif l ency . % 

25 

2. 0 

157 5 

680 

298 

1 5 0 

0. 09 

0 .70 

7. 00 

7 . 9 0 

7 8 0 

1 3 . 4 

I 7 I I 

2. 0 

157 5 

68 5 

299 

148 

0. 09 

0.7 0 

6 .92 

7. 80 

7 7 0 

1 3 . 4 

2614 

2. 0 

157 5 

682 

2 9 8 

149 

0. 09 

0.7 0 

6 .96 

7. 85 

7 6 0 

13 .7 

Cl 

> 
en 
en 
l-H 

l-H 

M 
d 

This ten ipera ture is the average of the two thermocouples on the ces ium r e s e r v o i r . 

Power output at the t e rmina l s divided by the total nuclear heat generated in the fuel. 
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c e s i u m r e s e r v o i r and c o l l e c t o r t e m p e r a t u r e s and by a shift of the 

d iode ign i t ion v o l t a g e to l o w e r l e v e l s . The e m i t t e r t e m p e r a t u r e w a s 

obv ious ly going down. The r e d u c t i o n in e m i t t e r t e m p e r a t u r e con t inued 

for about 75 h o u r s and then s t a r t e d to r e c o v e r . Af te r 300 h o u r s of 

i n - p i l e o p e r a t i o n , the d iode output had r e c o v e r e d to w i t h m about 85% 

of i ts i n i t i a l l eve l . Af t e r 600 h o u r s , the r e c o v e r y In e m i t t e r t e m p e r a ­

t u r e and output w a s e s s e n t i a l l y c o m p l e t e . 

It is a p p a r e n t tha t s o m e heat l o s s m e c h a n i s m e x i s t e d du r ing t h i s 

p e r i o d w^hich p r e v e n t e d the e m i t t e r f r o m r e c e i v i n g i t s "no rma l ' " 

f r a c t i o n of the hea t g e n e r a t e d in the fuel. The ' ' n o r m a l ' f r a c t i o n is 

def ined h e r e as tha t f r ac t ion w h i c h it r e c e i v e d p r i o r to and a f t e r the 

r e d u c e d e m i t t e r t e m p e r a t u r e t e s t p e r i o d . T h i s n o r m a l f r a c t i o n is 

about 98%, the 2% l o s s be ing c a u s e d by t h e r m a l r a d i a t i o n out of the 

cav i ty . Of c o u r s e , of the hea t r e a c h i n g the e m i t t e r , a s ign i f i can t 

f r a c t i o n is conduc ted and r a d i a t e d f r o m the e m i t t e r s u p p o r t s l e e v e . 

One p o s s i b l e m e c h a n i s m fo r t h e add i t iona l heat l o s s could have been 

conduc t ion f r o m t h e f u e l e d - e m i t t e r and i t s s u p p o r t s l e e v e t h r o u g h g a s e s 

p r e s e n t in the cav i ty . Al though a c c u r a t e a n a l y t i c a l p r e d i c t i o n s of s u c h 

hea t l o s s e s in the cav i ty would be e x t r e m e l y c o m p l i c a t e d , a p p r o x i m a t e 

c a l c u l a t i o n s i nd i ca t e tha t hea t l o s s e s of a few h u n d r e d w a t t s m i g h t 

o c c u r if a i r o r n i t r o g e n w e r e p r e s e n t at t en s of m i l l i m e t e r s of p r e s s u r e . 

A l ike ly s o u r c e of g a s could have been the o u t g a s s i n g of the 

n i c k e l plug w h i c h w a s u s e d to c l o s e the gun cav i ty a f t e r o u t - o f - p i l e 

o p e r a t i o n w a s c o m p l e t e d . S ince the n i c k e l c l o s u r e plug w a s not 

e x p o s e d to the diode i n t e r i o r , it w a s not t h o r o u g h l y o u t g a s s e d at a 

t e m p e r a t u r e above i t s e x p e c t e d o p e r a t i n g l e v e l . When t h e diode began 
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o p e r a t i o n i n - p i l e , g a m m a hea t ing p lus conduct ion f rom t h e e m i t t e r 

s l e e v e r a i s e d the t e m p e r a t u r e of the n i c k e l to an e s t i m a t e d 800® C. 

E x t e n s i v e o u t g a s s i n g undoubted ly o c c u r r e d , c aus ing the p r e s s u r e in 

the s e a l e d cav i ty t o r i s e s u b s t a n t i a l l y . T h i s gas could have been r e m o v e d 

e v e n t u a l l y f r o m the cav i ty by the ' g e t t e r i n g ' " ac t ion of the e m i t t e r s u p p o r t 

r i n g , w h i c h is m a d e of w e l l - o u t g a s s e d m o l y b d e n u m R e m o v a l of the 

gas could have c o r r e s p o n d e d to the r e c o v e r y in e m i t t e r t e m p e r a t u r e . 

T h e g a s m i g h t have been due to a n o t h e r s o u r c e , c o m m u n i c a t i o n 

b e t w e e n the cavi ty and t h e e n v i r o n m e n t s u r r o u n d i n g the d iode . If 

a l e a k deve loped in the c l o s u r e plug w e l d o r in one of Its b r a z e s , gas 

could have e n t e r e d the cav i ty f r o m the c a p s u l e t ube r e g i o n . T h i s 

p o s s i b i l i t y is e n h a n c e d by the fact tha t the p r e s s u r e in the t ube I n c r e a s e d 

r a p i d l y at the beg inn ing of the i n - p i l e o p e r a t i o n and r e c o v e r e d r a p i d l y 

a f t e r abou t 300 h o u r s of o p e r a t i o n . The In i t i a l s u r g e In p r e s s u r e was 

due to o u t g a s s i n g of the s h e a t h e d h e a t e r l e a d s and o t h e r c o m p o n e n t s in 

the tube , and the r e c o v e r y in p r e s s u r e r e s u l t e d f r o m the pumping 

ac t i on of the z i r c o n i u m g e t t e r l o c a t e d at the b o t t o m of the t u b e . T h e 

p r e s s u r e gauge in t h e t ube had a full s c a l e r e a d i n g of 25 m i c r o n s . 

Wi th in 25 h o u r s , the n e e d l e on the p r e s s u r e gauge w^ent o f f - s c a l e and 

did not c o m e b a c k o n - s c a l e unt i l the 3 0 0 - h o u r poin t . The c l o s e 

c o r r e s p o n d e n c e of t h i s p r e s s u r e t r a n s i e n t "with t h e e m i t t e r t e m p e r a t u r e 

t r a n s i e n t s u g g e s t s that they m a y have b e e n r e l a t e d . 

R e g a r d l e s s of the c a u s e , t h e r e is no doubt that the t e m p o r a r y 

r e d u c t i o n in output p o w e r w a s due to a r e d u c t i o n in e m i t t e r t e m p e r a t u r e . 

If t he diode had u n d e r g o n e d e g r a d a t i o n of e m i t t e r s u r f a c e p r o p e r t i e s , 

the o p t i m u m c e s i i u n t e m p e r a t u r e wou ld have i n c r e a s e d r a t h e r t h a n 

d e c r e a s e d . F u r t h e r m o r e , the c o m p l e t e r e c o v e r y of the output and 
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a l l o t h e r d iode t e m p e r a t u r e p a r a m e t e r s e s s e n t i a l l y e l i m i n a t e s any 

effect o t h e r t h a n a t r a n s i e n t e m i t t e r hea t l o s s . As a d d i t i o n a l c o n f i r m a ­

t ion , a t e s t w a s p e r f o r m e d dur ing th i s p e r i o d to show tha t the full 

output could be r e c o v e r e d by i n c r e a s i n g the e m i t t e r t e m p e r a t u r e . 

T h i s w a s a c c o m p l i s h e d by o p e r a t i n g at a s t a t i c point c o r r e s p o n d i n g 

to t e r m i n a l output v o l t a g e of 0. 8 vol t i n s t e a d of 0. 7 vol t . T h e I -V 

s w e e p c u r v e s ob ta ined at each cond i t ion a r e shown in F i g u r e 4, 3. 

T h e d i f f e r e n c e in the a v e r a g e c u r r e n t b e t w e e n t h e s w e e p c u r v e s is 

18 a m p s , wh ich c o r r e s p o n d s to a d i f f e r ence in e l e c t r o n cool ing of 

about 50 w a t t s . B a s e d on o u t - o f - p i l e p a r a m e t r i c r e s u l t s , t h i s 50-

w a t t d i f f e r e n c e c o r r e s p o n d s to a d i f f e r ence in e m i t t e r t e m p e r a t u r e of 

about 35° C. T h e e l e c t r o d e p o w e r d e n s i t y for c u r v e "A" at a t e r m i n a l 
2 2 

output vo l t age of 0. 7 is 7. 9 w / c m , i n s t e a d of 7. 0 w / c m for c u r v e 
/ 2 " B " . T h e 7. 9 w / c m is equa l to the p o w e r d e n s i t y ob ta ined u n d e r 

s t a t i c cond i t ions p r i o r to and a f t e r the e m i t t e r t e m p e r a t u r e t r a n s i e n t . 

T h u s , by i n c r e a s i n g the e m i t t e r t e m p e r a t u r e by 35° C, full output 

p o w e r d e n s i t y w a s r e c o v e r e d . 

4. F o u r t h P e r i o d 

As m e n t i o n e d p r e v i o u s l y , t h e d iode output had c o m p l e t e l y 

r e c o v e r e d by about t h e 6 0 0 - h o u r point . T h e p o w e r input and p o w e r 

output r enna ined e s s e n t i a l l y c o n s t a n t for about the next 200 h o u r s . 

At the 7 6 0 - h o u r poin t , the r e a c t o r p o w e r l e v e l w a s r e d u c e d t o a c c o m ­

m o d a t e a n o t h e r e x p e r i m e n t in the r e a c t o r . T h i s r e d u c e d r e a c t o r 

p o w e r l e v e l w a s m a i n t a i n e d unt i l the 1 4 0 0 - h o u r poin t , when the o t h e r 

e x p e r i m e n t w a s w i t h d r a w n f r o m the r e a c t o r . T h e r e d u c e d r e a c t o r 

p o w e r r e s u l t e d in a r e d u c t i o n in diode input pow^er of about 30 w a t t s 
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and a c o r r e s p o n d i n g r e d u c t i o n in diode output p o w e r of about 9 w a t t s . 

The diode output p o w e r d e n s i t y at t h e e l e c t r o d e s a v e r a g e d about 

7. 3 w / c m d u r i n g t h i s p e r i o d . 

5. F i f th P e r i o d 

A f t e r t h e r e a c t o r p o w e r w a s r e s t o r e d to i ts n o r m a l l eve l , a 

c o n s t a n t p o w e r t e s t p e r i o d of o v e r 1200 h o u r s w a s a c c o m p l i s h e d . The 
/ 2 a v e r a g e e l e c t r o d e p o w e r d e n s i t y dur ing th i s t i m e w a s about 8 w / c m , 

and the o v e r a l l e f f ic iency v a r i e d f r o m about 13. 5% to 14%. The diode 

c h a r a c t e r i s t i c s r e m a i n e d v e r y c o n s t a n t excep t for a s l igh t i m p r o v e m e n t 

in o v e r a l l e f f i c iency w i th i n c r e a s i n g t i m e . At the 261 5 -hour t e s t 

point , the d iode w a s r e m o v e d f r o m the r e a c t o r to p e r m i t m o d i f i c a t i o n s 

to be m a d e to the r e a c t o r . 

At about the 1700- and 2 6 0 0 - h o u r p o i n t s , e x p e r i m e n t s w e r e p e r ­

f o r m e d to e x a m i n e the d iode c h a r a c t e r i s t i c s v e r y c a r e f u l l y for t r a c e s 

of d e g r a d a t i o n . At e a c h point , the c e s i u m r e s e r v o i r t e m p e r a t u r e , the 

c o l l e c t o r t e m p e r a t u r e , and the p o w e r input w e r e se t at the s a m e l e v e l s 

a s e x i s t e d a t t h e 2 5 - h o u r poin t . Both s t a t i c and s w e e p da ta w e r e t a k e n 

at e a c h poin t . T h e r e s u l t s of the s t a t i c e x p e r i m e n t s a r e s u m m a r i z e d 

in T a b l e 4. 3. The r e p r o d u c i b i l i t y of the t h r e e po in t s is qui te r e m a r k ­

a b l e , the only n o t i c e a b l e change being a s l igh t i m p r o v e m e n t in o v e r a l l 

e f f ic iency . S ince t h e r e is s o m e u n c e r t a i n t y in t h e d e t e r m i n a t i o n of 

input p o w e r , t h i s i m p r o v e m e n t is p r o b a b l y not s ign i f i can t . 

6. Sixth P e r i o d 

When the r e a c t o r w a s r e s t a r t e d at t h e 2 6 1 5 - h o u r point a f t e r t h e 

t h r e e - m o n t h shu tdown, the diode r e t u r n e d to i ts f o r m e r p e r f o r m a n c e 
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l eve l . S ince t h e r e a c t o r fuel e l e m e n t s had been re shuf f l ed , s o m e 

u n c e r t a i n t i e s e x i s t e d in n e u t r o n and g a m m a flux l e v e l s and d i s t r i b u ­

t i o n s . A p e r i o d of s e v e r a l days w a s r e q u i r e d to r e - e s t a b l i s h e q u i l i b r i u m . 

Af te r s t a b l e o p e r a t i o n w a s r e s t o r e d , a t about the 2 8 0 0 - h o u r poin t , t h e 

d iode output and input w e r e s l i gh t ly h i g h e r . T h e only s ign i f i can t change 

in cond i t ions w a s a I2 ' 'C i n c r e a s e in the o p t i m u m i n d i c a t e d c e s i u m 

r e s e r v o i r t e m p e r a t u r e . S ince t h e c e s i u m r e s e r v o i r t h e r m o c o u p l e s 

a r e only m e c h a n i c a l l y a t t a c h e d , t h e i r p o s i t i o n could have been shif ted 

by handl ing of the c a p s u l e d u r i n g the r e a c t o r m o d i f i c a t i o n s . C o n s e q u e n t l y , 

it is not c e r t a i n t h a t a 12°C change in a c t u a l c e s i u m r e s e r v o i r t e m p e r a t u r e 

did o c c u r . As is ev iden t in F i g u r e 4. 1, the c o l l e c t o r t e m p e r a t u r e a l s o 

i n c r e a s e d by about 20° C. In F i g u r e 4. 2, the da ta po in t s t a k e n f r o m 

s w e e p m e a s u r e m e n t s at 3110 h o u r s and 4300 h o u r s a r e shown wi th 

p r e v i o u s r e s u l t s . T h e s t r i k i n g r e p r o d u c i b i l i t y of a l l the da t a po in ts 

s t r o n g l y s u g g e s t s t h a t no s ign i f i can t changes in diode o p e r a t i n g cond i ­

t i ons o r p e r f o r m a n c e have o c c u r r e d . T h i s s t a b l e o p e r a t i o n con t inued 

un t i l t he c e s i u m r e s e r v o i r h e a t e r fa i led at the 6 1 0 0 - h o u r poin t . 

7. Seven th P e r i o d 

A f t e r r e m o t e a t t e m p t s to r e p a i r t he c e s i u m r e s e r v o i r h e a t e r 

w e r e u n s u c c e s s f u l , t he w a t e r coolan t s u r r o u n d i n g the c o l l e c t o r w a s 

r e p l a c e d w i th D o w t h e r m " A " , an o r g a n i c l iquid capab le of h i g h e r 

o p e r a t i n g t e m p e r a t u r e s . S ince the c e s i u m r e s e r v o i r is connec t ed to 

the cool ing j a c k e t t h r o u g h two c o p p e r s t r a p s , the i n c r e a s e d t e m p e r a ­

t u r e of the cool ing j a c k e t r e s u l t e d in h i g h e r c e s i u m r e s e r v o i r t e m ­

p e r a t u r e s . C o n t r o l of t h e c e s i u m r e s e r v o i r t e m p e r a t u r e w a s 

a c h i e v e d by v a r y i n g the flow r a t e and in le t t e m p e r a t u r e of the D o w t h e r m . 

54 

UNCLASSIFIED 



UNCLASSIFIED 

O p e r a t i o n of the d iode fo r the s e v e n t h t e s t p e r i o d w a s r e s u m e d using 

th i s c o n t r o l t e c h n i q u e , w h i c h p r o v e d qu i te a d e q u a t e . H o w e v e r , du r ing 

s t a r t u p and e a r l y o p e r a t i o n of the s e v e n t h p e r i o d , the c o l l e c t o r t h e r m o ­

c o u p l e s i n d i c a t e d a b s u r d l y low t e m p e r a t u r e s . Af te r about twenty h o u r s , 

the i n d i c a t e d t e m p e r a t u r e s i n c r e a s e d but s t i l l w e r e about 60° C l o w e r 

t h a n t h e p r e v i o u s da t a . S ince the r e a c t o r p o w e r leve l and c o r e pos i t ion 

•were unchanged , it is a s s u m e d tha t t he d i f f e r e n c e w a s c a u s e d by m o v e ­

m e n t of the t h e r m o c o u p l e s wi th in the t e s t c a p s u l e . ThiS m o v e m e n t 

could have b e e n c a u s e d by the h i g h e r p r e s s u r e s wi th in the coolant 

t u b e s , r e s u l t i n g f r o m the h i g h e r p r e s s u r e d r o p s n e c e s s a r y wi th 

D o w t h e r m as c o m p a r e d w i th w a t e r . S ince the input p o w e r m e a s u r e m e n t s 

a r e b a s e d upon the m e a s u r e d t e m p e r a t u r e d i f f e r e n c e s b e t w e e n the 

c o l l e c t o r and t h e coo lan t j a c k e t , no input p o w e r o r e f f ic iency e s t i m a t e s 

w e r e m a d e beyond the 6 1 0 3 - h o u r point . 

Dur ing the f i r s t few h u n d r e d h o u r s of the s e v e n t h t e s t p e r i o d , 

an i n c r e a s e w a s no t ed in t h e t h e r m a l i m p e d a n c e b e t w e e n the coolan t 

and the c e s i u m r e s e r v o i r . To offset t h i s i n c r e a s e , the D o w t h e r m 

flow r a t e w a s i n c r e a s e d , t hus l o w e r i n g the coolant j a c k e t t e m p e r a t u r e , 

and t h e r e b y the c e s i u m r e s e r v o i r t e m p e r a t u r e . At about the 6 3 6 0 - h o u r 

point , the i m p e d a n c e had i n c r e a s e d enough to p e r m i t w a t e r to be u sed 

i n s t e a d of D o w t h e r m as the coolant . A c c o r d i n g l y , the D o w t h e r m w a s 

f lushed out of t h e l ines and r e p l a c e d by w a t e r , and o p e r a t i o n w a s 

con t inued unt i l the 7 3 2 7 - h o u r point . D u r i n g the Jast few h u n d r e d 

h o u r s , the p r e s s u r e d r o p in t h e w a t e r coolant s y s t e m I n c r e a s e d a p p r e ­

c i ab ly . E v e n t u a l l y , the p r e s s u r e d rop c a u s e d too g r e a t a r e d u c t i o n in 

flow r a t e to p e r m i t safe o p e r a t i o n . T h e r e f o r e , t e s t i n g w a s s topped 

t o e x a m i n e the condi t ion of the coolan t l i ne s and s y s t e m . A c a r b o n - t y p e 
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s c a l e w a s found in t h e w a t e r coolant , wh ich w a s caus ing c logging of 

the flow p a s s a g e s . A p p a r e n t l y , t h i s s c a l e w a s c r e a t e d by r a d i a t i o n 

d a m a g e t o t h e r e s i d u a l D o w t h e r m left in the s y s t e m a f t e r it w a s 

f lushed w i th w a t e r . S e v e r a l a t t e m p t s w e r e m a d e t o r e m o v e t h i s 

s c a l e . R e v e r s e f lushing wi th w a t e r and soak ing and f lushing w i t h 

a c e t o n e w e r e p e r f o r m e d a l t e r n a t e l y for s e v e r a l w e e k s . F i n a l l y 

enough s c a l e w a s r e m o v e d to al low the o r i g i n a l flow r a t e to be 

r e s t o r e d , and o p e r a t i o n of the c o n v e r t e r w a s r e s u m e d . E x c e p t 

fo r the p r o b l e m s w i t h t h e flow r a t e and t h e c o l l e c t o r t h e r m o c o u p l e s , 

the p e r f o r m a n c e of t h e d iode w a s qui te s t a b l e t h r o u g h o u t the s e v e n t h 
/ 2 t e s t p e r i o d . T h e e l e c t r o d e p o w e r dens i t y a v e r a g e d about 8 w a t t s / c m , 

2 
w i t h f l uc tua t i ons of ± 1 w a t t / c m . T h e s e f luc tua t ions w e r e c a u s e d 

by d a y - t o - d a y c h a n g e s in r e a c t o r p o w e r l eve l and in c e s i u m r e s e r v o i r 

t e m p e r a t u r e . 

8. E igh th T e s t P e r i o d 

T h e e igh th and f inal t e s t p e r i o d r a n f r o m the 7 3 2 7 - h o u r point 

to the 8 1 2 5 - h o u r poin t . D o w t h e r m w a s u s e d i n i t i a l l y as the coo lan t , 

and c o n t r o l of c e s i u m p r e s s u r e w a s a c h i e v e d by v a r y i n g t h e D o w t h e r m 

flow r a t e . As b e f o r e , fouling of the coolan t j a c k e t s u r f a c e g r a d u a l l y 

o c c u r r e d due to d e c o m p o s i t i o n of the D o w t h e r m . E v e n t u a l l y t h i s 

foul ing c a u s e d a v e r y high p r e s s u r e d r o p and consequen t r e d u c t i o n in 

flow r a t e . At about t h e 7 8 9 0 - h o u r point , the D o w t h e r m w a s r e p l a c e d 

by w a t e r t o r e d u c e the coo lan t j a c k e t t e m p e r a t u r e , and t h e r e b y the 

c e s i u m r e s e r v o i r t e m p e r a t u r e . T h i s p e r m i t t e d an add i t iona l 235 h o u r s 

of t e s t i n g b e f o r e the c logging b e c a m e too g r e a t t o k e e p the c e s i u m 

r e s e r v o i r t e m p e r a t u r e down to a c c e p t a b l e l e v e l s . Af t e r f u r t h e r 
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at tempts to unclog the coolant passages were unsuccessful, the 

diode was removed from the reac to r for hot cell examination. As 

can be seen in F igure 4. 1, the per formance of the diode was normal 

throughout this t es t period. During the last 65 hours the clogging 

caused the cesium t e m p e r a t u r e to be well above its no rmal level, and 

therefore caused a slight reduction (~ 1 5%) in the conver ter output. 

Ho'wever, the reduction was about that expected for such off-optimum 

cesiunn. r e s e r v o i r conditions. 
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C H A P T E R 5 

HOT C E L L EXAMINATION SUMMARY 

A. INTRODUCTION 

T h i s s e c t i o n s u m m a r i z e s b r i e f l y the r e s u l t s of the hot ce l l e x a m i n a ­

t ion w h i c h w a s conduc ted by BMI following the 8125 h o u r s of i n - p i l e 

o p e r a t i o n . T h e c o m p l e t e BMI r e p o r t c o v e r i n g th i s p o r t i o n of the w o r k is 

inc luded in Append ix B. 

B. SUMMARY O F FINDINGS 

T h e f indings of the hot ce l l e x a m i n a t i o n a r e s u m m a r i z e d as 

fo l lows . 

1. F i s s i o n G a s R e l e a s e 

G a s s a m p l i n g of the s e a l e d v a c u u m c a p s u l e in w h i c h the diode 

had b e e n i r r a d i a t e d showed t h e p r e s e n c e of f i s s i o n g a s in t h e c a p s u l e . 

T h e s a m p l i n g w a s p e r f o r m e d u t i l i z ing a T o e p l e r p u m p to t r a n s f e r 

the gas f r o m t h e c a p s u l e to an e v a c u a t e d c o l l e c t i o n s y s t e m of known 

v o l u m e . S a m p l e s w e r e t h e n r e m o v e d f r o m the c o l l e c t i o n s y s t e m and 

a n a l y z e d by m a s s s p e c t r o s c o p y for t o t a l k r y p t o n and xenon . T h e 
3 

a m o u n t of k r y p t o n and x e n o n r e l e a s e d (6. 7 c m ) w a s a p p r o x i m a t e l y 

80% of t h e a m o u n t f o r m e d d u r i n g i r r a d i a t i o n , a s c a l c u l a t e d f r o m 

b u r n u p ob ta ined by i s o t o p i c a n a l y s i s . 

2. D i m e n s i o n a l S t ab i l i t y 

T h e d iode w a s d i s a s s e m b l e d and t h e e m i t t e r n e u t r o n r a d i o ­

g r a p h e d and d i m e n s i o n e d by m i c r o m e t e r . T h e fueled a r e a of the 

e m i t t e r had e x p e r i e n c e d a s l igh t a m o u n t (2. 7 p e r c e n t a v e r a g e on the 

58 

rnr<rinrMTi_fli 



e x t e r n a l d i a m e t e r ) of swe l l i ng . T h i s is a p p r o x i m a t e l y 0. 006 to . 007 

inch of r a d i a l e x p a n s i o n , o r about one half the in i t ia l J n t e r e l e c t r o d e 

s p a c i n g . T h e swe l l i ng w a s g r e a t e s t , about 3%, at the b o t t o m of the 

e m i t t e r and l e a s t , about 1. 7%, at t h e top of the e m i t t e r ad j acen t to 

the s l e e v e o r e l e c t r o d e l ead . 

3. F u e l e d E m i t t e r E x a m i n a t i o n 

F i g u r e s 5. 1 and 5. 2 show the condi t ion of the i r r a d i a t e d fuel 

f r o m S D - 4 v e r s u s the u n i r r a d i a t e d fuel f r o m S D - 2 w h i c h w a s o p e r a t e d 

2500 h o u r s w i th e l e c t r i c a l hea t . As can be s e e n , the i r r a d i a t e d fuel 

p a r t i c l e s have m o r e p o r o s i t y and l a r g e r c r a c k s than do t h e u n i r r a d i a t e d 

p a r t i c l e s . F i g u r e s 5. 3 and 5. 4 show c o m p o s i t e s of an a x i a l s e c t i o n and 

a r a d i a l s e c t i o n of the fuel and e m i t t e r w i th h i g h e r m a g n i f i c a t i o n s of 

s e l e c t e d a r e a s . 

F i g u r e 5. 3 shows d e p o s i t i o n of the UO at the top of the i n n e r 

t u n g s t e n fuel l i n e r , w h i c h w a s s e v e r e l y c r a c k e d ove r i ts who le l eng th . 

T h i s d e p o s i t i o n a l s o o c c u r r e d at the b o t t o m of t h e l i n e r . T h e s e c r a c k s , 

p lus a l e a k w h i c h deve loped in the g a s s a m p l i n g tube at t h e top of the 

e m i t t e r cav i ty , a l lowed the f i s s i on gas to e s c a p e f r o m the fuel to the 

i n - p i l e c a p s u l e . T h e l i n e r did, h o w e v e r , e f fec t ive ly p r e v e n t e x c e s s i v e 

fuel l o s s by v a p o r i z a t i o n . F i g u r e 5. 4 shows an ax ia l c r o s s - s e c t i o n of 

the fueled e m i t t e r . 

F i g u r e 5. 5 is a h ighly m a g n i f i e d view of t h e vo id a r e a in 

F i g u r e 5. 4. It shows tha t the UO in th i s a r e a has t a k e n on a c o l u m n a r 

g r a i n s t r u c t u r e . It is thought tha t m o s t of the r e d i s t r i b u t e d UO at 

the ends c a m e f r o m a r e a s such as t h i s . The r e a s o n for the n u c l e a t i o n 
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T H E R M O E L E C T R O N 
C O R P O R A T I O N 

C-8853 

lOOX HC21572 

\ 

lOOX 
S D - 2 : U n i r r a d i a t e d 

F i g u r e 5. 1 M i c r o s t r u c t u r e s of F u e l in I r r a d i a t e d SD-4 and U n i r r a d i a t e d 
SD-2 D i o d e s . 
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T H E R — O E L E C T W O I 

C O R P O R A T I O N 

C-8854 

^ 

50OX HC2158I 

SD-4: I r r a d i a t e d 

25OX (B7^h 

SD-2: Uni r rad ia ted 

F i g u r e 5, 2 M i c r o s t r u c t u r e s of F u e l in I r r a d i a t e d SD-4 and 
U n i r r a d i a t e d SD-2 Diodes . 

61 



I 
-t5^ 

T
H

E
R

M
O

 
E

L
E

C
T

R
O

N
 

C
O

R
P

O
R

A
T

I
O

N
 

C
-8

8
5

5 

\ 

o
 

• H
 

o
 

w
 

t—
I 

n) 
fl 

•i-t 
T

3 
•^ 

-(J 
•H

 
a o

 
•̂ 

1-1 
(I) 

o
 .t̂

 
CO 

S
 

e o 
b

O
 

V
H

 
O

 

O
 

0) 

n) 

a o
 

o
 

^ 

in 

bo
 

62 



I 
T ^ 

T H E R M O E L E C T R O N 
C O R P O R A T I O N 

C-8856 

Figure 5, 4 Composite Photographs of T r a n s v e r s e Section 
near Axial Center of Emitter. 
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T H E R M O E L E C T R O N 

C O R P O R A T I O N 

C- 8857 

lOOX HC21569 

F i g u r e 5. 5 A p p a r e n t Hot Spot in F u e l N e a r I n n e r 
C l a d - C o r e I n t e r f a c e . 
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of t h e s e l o c a l i z e d a p p a r e n t h igh t e m p e r a t u r e a r e a s has not been 

e s t a b l i s h e d . T h e wh i t e i n c l u s i o n s in t h i s zone w e r e found by a u t o ­

r a d i o g r a p h y not to be a f i s s i o n p r o d u c t a l loy . 

F i g u r e 5. 6 shows t h e m i c r o s t r u c t u r e of the r h e n i u m e m i t t e r 

in s e v e r a l a r e a s . In g e n e r a l , t he g r a i n s at t he e m i t t i n g s u r f a c e w e r e 

m u c h l a r g e r than the g r a i n s in the i n t e r i o r of the c lad and at the c l ad - fue l 

i n t e r f a c e . A l s o , the g r a i n s i z e in the i n t e r i o r of the c lad and at the 

c l a d - f u e l i n t e r f a c e is m u c h l a r g e r in the fueled a r e a of the e m i t t e r 

t h a n in the unfueled a r e a . T h e g r a i n s i z e at the e m i t t i n g s u r f a c e , 

h o w e v e r , does not a p p e a r s ign i f i can t ly d i f fe ren t in the fueled a r e a of 

the e m i t t e r t h a n in t h e unfueled a r e a . M a c h i n i n g of the r h e n i u m 

r e s u l t e d in c o l d - w o r k i n g the o u t e r s u r f a c e l a y e r of m e t a l , w h i c h p r o ­

v ided a d r i v i n g fo rce for r e c r y s t a l l i z a t i o n and g r a i n g r o w t h on the 

w^hole s u r f a c e d u r i n g a s u b s e q u e n t high t e m p e r a t u r e a n n e a l to s t a b i l i z e 

the s u r f a c e t r e a t m e n t . G r a i n g r o w t h to a l e s s e r ex ten t o c c u r r e d in the 

u n w o r k e d i n t e r i o r r h e n i u m oppos i t e the fuel. L i t t l e or no g r a i n 

g r o w t h o c c u r r e d in the u n w o r k e d i n t e r i o r r h e n i u m in the unfueled a r e a 

of t h e e m i t t e r . 

4. Diode S t r u c t u r e E x a m i n a t i o n 

T h e n i o b i u m c o l l e c t o r of S D - 4 had been coa t ed w i th m o l y b d e n u m 

by v a c u u m e v a p o r a t i o n du r ing c o n s t r u c t i o n of the d iode . F i g u r e 5. 7 

shows th i s m o l y b d e n u m l a y e r a f t e r i r r a d i a t i o n . Al though the t h i c k n e s s 

and u n i f o r m i t y of th i s l a y e r be fo re i r r a d i a t i o n w a s not m e a s u r e d , it 

a p p e a r s t ha t a f t e r i r r a d i a t i o n the m o l y b d e n u m l a y e r is v e r y u n i f o r m 

and about 0. 4 m i l s (10 m i c r o n s ) th i ck . T h e r e is no e v i d e n c e of any 
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T H E R M O E L E C T R O N 
C O R P O R A T I O N 

C-8858 

(a) Above the fueled a rea (b) Near the top of the fueled area 

V ifiOX HC21600 

(c) Near the center of the fueled a r ea (d) Near the bottom of the fueled area 

Figure 5. 6 Representat ive Mic ros t ruc tu res of the Rhenium Clad 
(Emit ter) - Polarized Light. 
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Si^ T H E R M O E L E C T R O N 
C O R P O R A T I O N 

C-8859 

(a) As polished with oblique lighting 
1 I^^B 

1 .- ** 

(b) As polished with oblique lighting, 
cut surface is at right. 

Figure 5. 7 Vapor-Deposi ted Layer of Molybdenum on the 
Niobium Collector Surface. 
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r e a c t i o n o r c o r r o s i v e a t t a c k to th i s s u r f a c e . F i g u r e 5. 8 shows 

s e v e r a l a r e a s of the b r a z e s in the c o l l e c t o r , t h e c o l l e c t o r h e a t e r s , 

and hea t e x c h a n g e r T h e s e b r a z e s a p p e a r unaffec ted by the i r r a d i a t i o n . 

T h e diode i n s u l a t o r w a s Al 300 a l u m i n a (97% Al O ) m e t a l l i z e d 

and c o p p e r - n i c k e l b r a z e d . Af ter i r r a d i a t i o n , the r e s i s t a n c e of the 

i n s u l a t o r at a m b i e n t t e m p e r a t u r e w a s 510 o h m s . Af te r s u r f a c e 

c l e a n i n g w i t h a w i r e b r u s h , t he r e s i s t a n c e i n c r e a s e d to 3200 o h m s . 

F i g u r e 5. 9 shows t h e i r r a d i a t e d a l u m i n a i n s u l a t o r f r o m S D - 4 

v e r s u s the u n i r r a d i a t e d i n s u l a t o r f r o m S D - 2 . 

T a b l e 5. 1 shows m i c r o h a r d n e s s da ta f r o m the i n s u l a t o r s f r o m 

S D - 2 and S D - 4 . T h e i r r a d i a t e d m a t e r i a l shows a s l i g h t l y h i g h e r h a r d ­

n e s s , b u t not s i gn i f i c an t l y s o . 

5. B u r n - u p A n a l y s i s 

T h e b u r n - u p s a m p l e w a s a c o m p l e t e c i r c u l a r c r o s s s e c t i o n of the 

fuel about l / 4 inch long, r e m o v e d f r o m t h e ax i a l c e n t e r of the e m i t t e r . 

T h e r e s t of the e m i t t e r w a s s e c t i o n e d long i tud ina l ly and one-ha l f of 

e a c h of the u p p e r and l o w e r s e c t i o n s w e r e u sed for l ong i tud ina l 

m e t a l l o g r a p h i c s a m p l e s ; the r e m a i n i n g two w e r e u s e d for t r a n s v e r s e 

s a m p l e s . 

T h e S D - 4 i r r a d i a t e d fuel s a m p l e for b u r n - u p d e t e r m i n a t i o n w a s 

sen t to Idaho N u c l e a r C o r p o r a t i o n a long w i th an u n i r r a d i a t e d s p e c i m e n , 

S D - 2 , for u r a n i u m i s o t o p i c a n a l y s i s . T h e r e s u l t s of th i s a n a l y s i s a r e : 
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T H E R M O E L E C T R O N 
C O R P O R A T I O N 

G-8860 

kOK m&l62k kOK I1C216&S 

(a) Heaters and braze area (b) Heat choke fin braze to heat exchanger 

-rxmmmmmmmmmm 

IQQX HC215«9 kax HC21623 

(c) Heat choke fin b raze to heat exchanger (d) Heat choke fin b raze to collector 

F igure 5. 8 Mic ros t ruc tu res of Representa t ive Areas of the Heat Exchanger. 
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I -s^ T H E R M O E L E C T R O I 
C O R P O R A T I O N 

C-8861 

(a) Out-of-pile Diode, SD-2 

\ 

(c) In-pi le Diode, SD-4 

(b) Out-of-pile Diode, SD-2 

1 fl| 

•'*' Sal 

1 . » 

1 J^Mr^grfiBjji 

• '^gSbK^Jbfl 

^ 

iQ 
Hi 

(d) In-pile Diode, SD-4 

Figure 5. 9 Comparison of Ceramic Insula tors Used in 
Out-of-Pile and In-P i le Diodes. 

70 



I 
I* 

TABLE 5. 1 

KNOOP MICROHARDNESS MEASUREMENTS ON THE 
CERAMIC INSULATORS FROM SD-2 AND SD-4 

Sample 
Condition 

Unir radia ted (SD-2) 

I r rad ia ted (SD-4) 

Sample 
Number 

1 
2 
3 

ave. 

1 
2 
3 

ave. 

Knoop Hardness Number 
100 gm load 

1098 
1390 
1162 
1217 

1186 
1266 
1288 
1247 

5 kg load 

908 
1176 

870 
985 

931 
898 

1217 
1015 1 
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SD-2 uni r radia ted 
SD-4 i r r ad ia ted 

Frac t ion of Isotope P r e s e n t , W/O 1 

u"* 

1. 01 
1 02 

u"5 

93. 02 
92. 46 

^236 

0. 21 
0. 64 

u"« 

5.76 
5 88 1 

The burn-up was calculated from the relat ionship: 

Burnup = 100 
R 6/5 - R" 6/5 

a 
,1 + a b /5 

where : 

6/5 = ra t io of post i r radiat ion fractions of U to U 

R' 6/5 
^. r • T j^- e r T T 2 3 6 ^ T T 2 3 5 

ra t io of p re i r r ad ia t ion fractions of U to U 
o; = ra t io of the c ross sections for fission and capture 

of u235 ^ 0. 185 ± 0. 004 

The burn-up values calculated using the above methods along with 

es t imated burn-ups de termined by ca lo r imet ry m e a s u r e m e n t s during 

i r radia t ion a r e given in Table 5. 2. The burn-up calculated from iso­

topic analysis is based on one segment of the fuel, while the ca lo r ime t ry 

m e a s u r e m e n t s give an average for the whole fuel emjt ter assembly . 

C. CONCLUSIONS 

1. The UO -tungsten ce rme t fuel re leased 80% of its fission gas. 

2. The fission gas escaped from the diode through the cracked gas 
sampling tube. 

3. The re was some loss of UO through the cracked tungsten inner 
l iner . 
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T A B L E 5. 2 

B U R N - U P S OBTAINED F R O M I S O T O P E ANALYSIS 

I so top i c A n a l y s i s 

C a l o r i m e t r y 

B u r n - up 
a / o U - 2 3 5 F i s s i o n e d 

2. 74 

1. 70 

B u r n - u p 
20 3 10 F i s s i o n s / c m | 

3. 85 

3. 09 1 

w 73 
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4. T h e r e w a s a 2 to 3% i n c r e a s e in ou t s ide d i a m e t e r of the fueled 
e m i t t e r , w h i c h w a s not enough to affect s ign i f i can t ly the r h e n i u m 
e m i t t e r p e r f o r m a n c e at t h e o p e r a t i n g t e m p e r a t u r e of about 1600°C, 

5. T h e r e w a s only s l i gh t g r a i n g r o w t h in t h e i n t e r i o r of the r h e n i u m 
e m i t t e r a long the fue led zone , and no s ign i f i can t d i f f e r e n c e in 
g r a i n g r o w t h at the s u r f a c e of the r h e n i u m e m i t t e r b e t w e e n t h e 
fueled zone and the unfueled zone . T h i s i n d i c a t e s t h a t the 
r h e n i u m s u r f a c e w a s s t a b i l i z e d by the p r e i r r a d i a t i o n t r e a t m e n t s . 

6. T h e v a c u u m - d e p o s i t e d m o l y b d e n u m s u r f a c e l a y e r on the n i o b i u m 
c o l l e c t o r w a s a p p a r e n t l y unaffec ted by the i r r a d i a t i o n . 

7. T h e d iode s t r u c t u r a l w e l d s and b r a z e s w e r e a p p a r e n t l y unaf fec ted 
by the i r r a d i a t i o n . 

8. T h e a l u m i n a i n s u l a t o r w a s not s ign i f i can t ly a f fec ted by the 
i r r a d i a t i o n . 
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C H A P T E R 6 

E L E C T R I C A L TESTING O F SD-2 P R O T O T Y P E DIODE 

A. INTRODUCTION 

The SD-2 d iode w a s the f i r s t c o n v e r t e r bu i l t u n d e r th i s p r o g r a m . 

I ts p u r p o s e w a s to d e m o n s t r a t e tha t the b a s i c c o n v e r t e r s t r u c t u r e and 

the fueled e m i t t e r to be u s e d on S D - 4 would be c a p a b l e of s t a b l e and 

s u s t a i n e d o p e r a t i o n . In add i t i on , it p r o v i d e d bo th p r o t o t y p e t e s t i n g 

for the S D - 4 d iode s t r u c t u r e and t h e r m a l and e l e c t r i c a l p e r f o r m a n c e 

da ta r e q u i r e d to c o n f i r m the d e s i g n c h a r a c t e r i s t i c s of the m - p i l e 

d iode , S D - 4 . 

B. ASSEMBLY AND PROCESSING 

The SD-2 w a s a s s e m b l e d a c c o r d i n g to the d e s i g n shown m 

F i g u r e 6 1. The d iode u s e d an e m i t t e r i d e n t i c a l to tha t u s e d m 

S D - 4 . T h e d iode d e s i g n w a s a l s o the samie, excep t for m i n o r 

c h a n g e s in the c e s i u m r e s e r v o i r , in the coo lan t in le t t u b e s j and 

in the l o c a t i o n of the t h e r m o c o u p l e . 

The d iode w a s o u t g a s s e d for 30 h o u r s a t t e m p e r a t u r e s w e l l 

a b o v e e x p e c t e d o p e r a t i n g l e v e l s . D u r i n g the o u t g a s s i n g of the e m i t t e r , 

a t e m p e r a t u r e g r a d i e n t of n e a r l y 200 °C was i n d i c a t e d by the e m i t t e r 

t h e r m o c o u p l e s . S i n c e the i n t e r n a l p r e s s u r e of the d iode c h a m b e r w a s 

q u i t e i n s e n s i t i v e to c h a n g e s in e m i t t e r t e m p e r a t u r e , no a t t e m p t w a s 

m a d e to r a i s e a l l a r e a s of the e m i t t e r to the p e a k t e m p e r a t u r e of 

1900°C . Thus the i n d i c a t e d e m i t t e r o u t g a s s i n g t e m p e r a t u r e r a n g e d 

frona 1700°C to 1900°C. As wi l l be m e n t i o n e d in the nex t s e c t i o n , 

the a c c u r a c y of t h e s e t e m p e r a t u r e m e a s u r e m e n t s i s in doubt . Af te r 

o u t g a s s i n g , the d iode w a s i n s t a l l e d in to the t e s t s t a n d , a s shown in 

F i g u r e s 6 . 2 a and 6 2b. 
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C. TESTING 

The i n i t i a l t e s t i n g p e r i o d c o v e r e d 96 h o u r s and c o n s i s t e d of 

p a r a m e t r i c p e r f o r m a n c e m e a s u r e m e n t s a t e m i t t e r t e m p e r a t u r e s in 

the r a n g e of 1300°C to 1500°C. When u n a t t e n d e d ( s u c h as o v e r n i g h t ) , 

the diode w a s r u n at a f ixed p o w e r input a t output p o w e r l e v e l s b e t w e e n 
2 

4 and 5 w a t t s / c m and a t an e f f ic iency of about 10%. F i g u r e 6. 3 shows 

t y p i c a l p e r f o r m a n c e da ta ob ta ined d u r i n g th i s p e r i o d . The e m i t t e r 

t h e r m o c o u p l e s i n d i c a t e d tha t the sha l low end of the e m i t t e r w a s 

o p e r a t i n g about 150°C above the r e s t of the e m i t t e r . S ince th i s 

g r a d i e n t p r e c l u d e d the p o s s i b i l i t y of ob ta in ing c o m p l e t e and mean ing fu l 

p e r f o r m a n c e m a p s , the d iode w a s shu t dow^n to r e p l a c e the f i l a m e n t 

and e x a m i n e the e m i t t e r t h e r m o c o u p l e s . 

In a t t e m p t i n g to r e m o v e the deep t h e r m o c o u p l e , the t h e r m o ­

coup le b r o k e off a t t he edge of the fuel c y l i n d e r . The c e n t e r t h e r m o ­

couple w a s a l s o s t u c k in the fuel and could not be r e m o v e d , but w a s 

not d a m a g e d . The sha l low t h e r m o c o u p l e w a s r e m o v e d and r e p l a c e d 

w^ith a n e w l y - c a l i b r a t e d t h e r m o c o u p l e c o n s i s t i n g of a t w o - h o l e d 

Al O tube e n c l o s e d in 0. 0 0 1 " m o l y b d e n u m foil to p r e v e n t p o s s i b l e 

i n t e r a c t i o n b e t w e e n the Al O and the c e r m e t fuel . A new f i l a m e n t 

w a s wound w i th fewer t u r n s a t the sha l l ow end The o r i g i n a l f i l a m e n t 

i s shown in F i g u r e 6. 4. 

Us ing the new f i l am en t and the sha l l ow and m i d d l e e m i t t e r 

t h e r m o c o u p l e s , o p e r a t i o n of the d iode w a s r e s u m e d . No a p p r e c i a b l e 

c h a n g e in e m i t t e r t e m p e r a t u r e d i s t r i b u t i o n w a s o b s e r v e d a f t e r 

o p e r a t i n g t e m p e r a t u r e s w e r e r e a c h e d . It w a s n o t i c e d , h o w e v e r , ' tha t 

s o m e c h a n g e in t e m p e r a t u r e d i s t r i b u t i o n could be a c h i e v e d by v a r i a t i o n s 

in f i l a m e n t c u r r e n t . H i g h e r f i l a m e n t c u r r e n t s t ended to m a k e the 
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sha l l ow end of the e m i t t e r r e l a t i v e l y h i g h e r in t e m p e r a t u r e . Whi le the 

d iode w a s o p e r a t e d a t an u n a t t e n d e d f ixed p o w e r l e v e l of about 4. 5 
2 

w a t t s / c m for l 60 h o u r s , a f u r t h e r i n v e s t i g a t i o n of e m i t t e r t e m p e r a t u r e 

d i s t r i b u t i o n s w a s c a r r i e d out on a d u m m y e m i t t e r t e s t s e t u p . 

In the t e s t s e t u p shown in F i g u r e 6 .5 , a n u m b e r of f i lannents 

w e r e u s e d to h e a t a d u m m y t a n t a l u m e m i t t e r wh ich w a s a n exac t 

d innens iona l m o c k u p of the fueled e m i t t e r in the d iode . A f i l a m e n t 

c o n s i s t i n g of one full t u r n a t the deep end and s e v e r a l c o m p a c t t u r n s 

a t the s h a l l o w end p r o d u c e d an e m i t t e r t e m p e r a t u r e d i f f e r e n c e of l e s s 

t han 2 0 ° C a t l 6 5 0 ° C . The d iode w a s then shut down and th i s f i l a m e n t 

w a s i n s t a l l e d . When the d iode w a s r e s t a r t e d , the i n d i c a t e d t e m p e r a t u r e 

d i f f e r e n c e o v e r the e m i t t e r w a s w o r s e than b e f o r e . The sha l l ow and 

r a idd l e t h e r m o c o u p l e s i n d i c a t e d a t e m p e r a t u r e d i f f e r e n c e of about 

2 0 0 ° C at an a v e r a g e t e m p e r a t u r e of 1550°C. Af te r o p e r a t i n g a t a 
2 

p o w e r output of about 4 w a t t s / c m for 16 h o u r s , a h igh vo l t age a r c 

c a u s e d an a b r u p t l o s s of input po-wer. 

Whi le the d iode "was shu t down, the top e m i t t e r t h e r m o c o u p l e 

w a s r e p l a c e d by a n e w l y - c a l i b r a t e d t h e r m o c o u p l e c o n s i s t i n g of a 

t w o - h o l e d BeO c e r a m i c tube con ta in ing W - R e w i r e s and e n c l o s e d in 

0. 0 0 1 " m o l y b d e n u m foil . The f i l a m e n t w h i c h r e p l a c e d the o r i g i n a l 

f i l a m e n t w a s r e - i n s t a l l e d . When o p e r a t i o n w a s r e s u m e d , an 

e m i t t e r t e m p e r a t u r e v a r i a t i o n of 140°C w a s m e a s u r e d by the nniddle 

and s h a l l o w t h e r m o c o u p l e s . B e c a u s e of p r o g r a m s c h e d u l e r e q u i r e ­

m e n t s , f u r t h e r t e m p e r a t u r e p r o f i l e i n v e s t i g a t i o n s w e r e not c a r r i e d 

out . 
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E-67-29 

^ 

Figure 6 .4 . Filament Used in Diode SD-2 

Figure 6. 5. Dummy Emitter Test Set-Up. 
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Life testing at a fixed operating point was initiated. Two additional 

diode shutdowns were requi red during the next 2 0 hours to a l te r the 

tes t setup before sustained operat ion was achieved. Over the next 

60 hour s , at a fixed power input, the diode output inc reased from 
2 2 

7 w a t t s / c m and 11. 4% efficiency to 8. 3 w a t t s / c m and 13. 2% 

efficiency. The gradual i nc r ea se in power output is believed to 

have resul ted from inaproved diffusion bonds between the inner tungsten 

l iner and the ce rme t fuel r ing. A total testing t ime of 42 5 hours has 

been logged •without evidence of degradation. For the next 7 0 hours , 

the power level was maintained between 7. 8 and 8. 8 w a t t s / c m at 

efficiencies between 12.2 and 14. 3%. The fluctuations a r e caused by 

changes in power input resul t ing from the input power control sys tem. 

In Table 6. 1, typical operating conditions a r e descr ibed at various 

t imes during the life tes t . 

F r o m approximately 27 5 hours to 60 5 hours , the diode ran with­

out in terrupt ion. During most of this run the power output was about 

8.25 w / c m and the overal l uncor rec ted efficiency was above 13. 5%. 

At the 612 hour point, the filament burned out, causing a very rapid 

shutdown t rans ien t . A few hours after this t rans ien t , ces ium was 

visible within the bell j a r . Inspection of the diode showed that a leak 

had occur red in the Mo-Mo b r a z e joint at the base of the emi t te r 

support tube. (See Figure 6. 1) The leak was caused by evaporation 

of the b r a z e m a t e r i a l due to the excess ive operat ing t empera tu re of 

the joint. The overheating resu l ted from a shift made in the position 

of the fi lament which caused m o r e heat to be t r a n s f e r r e d down the 

emi t te r support tube. This shift had been made during the exper i ­

ments with the fi laments to achieve be t te r uniformity in emi t te r 

t e m p e r a t u r e . 
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T A B L E 6. 1 

COMPARISON O F O P E R A T I N G CONDITIONS DURJTG L I F E TEST O F #SD-2 

T o t a l O p e r a t i n g T i m e , h o u r s 

F i l a m e n t P o w e r , w a t t s 

B o m b a r d m e n t P o w e r , w a t t s 

To ta l P o w e r Input , w a t t s 

E s t i m a t e d A v e r a g e E m i t t e r T e m p e r a t u r e , "C 

A v e r a g e C o l l e c t o r T e n a p e r a t u r e , °C 

C e s i u m R e s e r v o i r T e m p e r a t u r e , °C 

Output C u r r e n t , anaps 

Vo l t age D r o p in E m i t t e r L e a d , vol t s 

Output Vo l t age (at Diode Output T e r m i n a l s ) , vol t s 

Output P o w e r (at Diode Output T e r m i n a l s ) , w a t t s 

Output P o w e r D e n s i t y (at Diode Output T e r m i n a l s ) , 
w a t t s / c n a ^ 

Output P o w e r D e n s i t y (at Diode E l e c t r o d e s ) 

O v e r - a l l Ef f ic iency ( E l e c t r i c a l P o w e r at T e r m i n a l s 
w i th No H e a t e r Cav i ty C o r r e c t i o n ) , % 

Net Ef f ic iency ( E l e c t r i c a l P o w e r at T e r m i n a l s wi th a 
70 w a t t H e a t e r Cavi ty C o r r e c t i o n ) , % 

Net D e s i g n Ef f ic iency ( E l e c t r i c a l P o w e r a t E l e c t r o d e s 
wi th a 70 w a t t H e a t e r Cavi ty C o r r e c t i o n ) 

42 5 

154 

768 

922 

162 5 

7 80 

302 

182 

0. 087 

0 .72 

131 

8.7 

9 . 8 

14 .2 

15. 3 

17. 3 

710 

136 

810 

946 

1635 

740 

304 

188 

0. 090 

0 .72 

135 

9 . 0 

10. 1 

14. 3 

15. 4 

17. 4 

1250 

114 

67 8 

792 

157 5 

688 

310 

162 

. 078 

. 7 0 

113 .2 

7. 56 

8 .43 

14. 30 

15 .71 

17. 53 

New t h e r m o c o u p l e i n s t a l l e d in r e s e r v o i r a f te r i nne r s l e e v e r e p l a c e d 



UNCLASSIFIED 

When the e m i t t e r w a s r e m o v e d frona the diode to r e - b r a z e the jo in t , 

the s u r f a c e s of bo th the ena i t t e r and c o l l e c t o r w e r e i n s p e c t e d . Both w e r e 

v e r y c l e a n , and no e v i d e n c e of c o n t a m i n a t i o n w a s v i s i b l e on any o t h e r 

i n t e r n a l d iode s u r f a c e . The M o - M o jo in t w a s r e b r a z e d wi th a l o w e r - v a p o 

p r e s s u r e b r a z e m a t e r i a l and the d iode w a s r e - a s s e m b l e d . Af ter ou t ­

g a s s i n g and one i n a d e q u a t e c e s i u m load ing , a full c h a r g e of ces iuna w a s 

d i s t i l l e d in to the d iode . O p e r a t i o n w a s r e s u m e d wi th a new f i l a m e n t 

(#209A) at abou t the s a m e cond i t ions as b e f o r e the i n t e r r u p t i o n . In 

c o l u m n s one and twfo of T a b l e 6. 1, a c o m p a r i s o n of two da ta p o i n t s , 

b e f o r e and a f t e r the t e s t i n t e r r u p t i o n at 42 5 h o u r s and 710 h o u r s , i s 

shown. Within the l i m i t s of the n a e a s u r i n g a c c u r a c i e s , th is c o m p a r i s o n 

shows tha t the p e r f o r m a n c e c h a r a c t e r i s t i c s w e r e unchanged . 

O v e r the nex t 400 h o u r s , s e v e r a l f i l ament b u r n - o u t s w e r e en ­

c o u n t e r e d wh ich c a u s e d s e v e r e t h e r m a l cyc l ing of the f u e l e d - e n a i t t e r 

s t r u c t u r e . As c a n be o b s e r v e d in F i g u r e 6. 6, t h e s e c y c l e s had no 

n o t i c e a b l e effect on the r h e n i u m e m i t t e r . F o r a g i v e n p o w e r input , 

the p o w e r output r e m a i n e d qu i t e c o n s t a n t . The s l i gh t v a r i a t i o n s o b ­

s e r v a b l e in F i g u r e 6 .6 a r e due to d i f f e r e n c e s in o t h e r d iode p a r a m e t e r s , 

s u c h as c o l l e c t o r and c e s i u m r e s e r v o i r t e m p e r a t u r e s . I n s p e c t i o n of 

the e l e c t r o n b o n a b a r d m e n t gun i n s u l a t o r s a f t e r e a c h f i l amen t b u r n o u t 

sho'wed an i n c r e a s i n g a m o u n t of UO c o n d e n s a t i o n . At about the 

800 h o u r po in t , the UO e v a p o r a t i o n in the gun cav i ty s t a r t e d to c a u s e 

i n s t a b i l i t i e s in the f i l a m e n t e m i s s i o n . At the 815 hour poin t the i n ­

s t a b i l i t i e s w e r e too s e v e r e for s u s t a i n e d o p e r a t i o n . I n s p e c t i o n of the 

gun cav i t y showed that UO^ had p e n e t r a t e d t h r o u g h the t u n g s t e n i n n e r -

l i n e r of the fueled e m i t t e r . The p e n e t r a t i o n c o i n c i d e d wi th one of the 

f u e l e d - e m i t t e r t h e r n a o c o u p l e h o l e s wh ich had w a n d e r e d p a r t i a l l y t h r o u g h 

the i n n e r - l i n e r du r ing m a c h i n i n g . A p p a r e n t l y , only a v e r y th in l a y e r of 
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tungsten remained after machining, and this layer eventually par ted 

after sustained electron bombardnaent and the rmal cycling. 

To prevent further evaporation of UO through the tungsten, a 

rhenium tube was inse r t ed inside the tungsten tube. Rhenium was 

selected instead of tungsten because of its higher the rmal expansion 

coefficient. It -was hoped that the rmal expansion at operating t e m p e r a ­

tu re would offset the room t empe ra tu r e c lea rance between the i n se r t 

and the inne r - l ine r . This c lea rance was unavoidable because of non-

uniformit ies in the inside d iameter of the tungsten l iner . 

A rhenium inner sleeve was instal led in the emit ter of SD-2, 

r e - ces i a t i ng was accomplished, and labora tory test ing was resumed . 

The use of rhenium instead of tungsten as the inner sleeve m a t e r i a l 

great ly inaproved the stabil i ty of the e lect ron bombardment heating. 

Unlike the tungsten s leeve , the rhenium did not form cracks and, 

therefore , u ran ium did not r each the e lectron bombardment filament. 

Either the super ior ductility of rhenium or its be t ter thernaal expansion 

match to the cernaet prevented the cracking problem. 

Within twenty hour s , the operat ion of the electron bombardment 

hea ter was back to normal and the output power of the diode for a given 

input power was within a few percent of its previous level . Some loss in 

overal l efficiency was expected because of higher hea te r cavity losses 

caused by the t empera tu re difference between the rhenium inse r t and 

the tungsten l iner . To prevent excess ive operating t empe ra tu r e s of 

the rhenium inse r t , the diode input power was l imited to a level c o r r e s -
/ 2 ponding to an output power of about 7. 4 w / c m for the next 2 50 hours . 

/ 2 At this point, the power output was r a i sed to 8,25 w / c m and held until 

a filament burnout occur red at 1240 hours . Apparently, the bond between 
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the rhenium and tungsten continued to improve during this period. As 

shown in Figure 6. 6, the per formance cha rac t e r i s t i c s of the diode 

during the period were vir tually identical to those observed p r io r to 

the inser t ion of the rhenium tube. The data shown in Table 6. 2 also 

confirm this observat ion. 

D . SIGNIFICANCE 

P r i o r to the instal la t ion of the rhenium l iner , high voltage kick-

offs frequently occur red due to excess ive bombardment cur ren t s which 

automatical ly tr ipped a high-voltage shutdown switch. Such cur rents 

would flow whenever the emi t te r t empera tu re rose slightly, due to load 

changes or shifts in ces ium r e s e r v o i r t empe ra tu r e . Although these 

shutdowns caused the rmal cycling of the fueled-emit ter s t ruc tu re , they 

prevented excessive r i s e s in emit ter t e m p e r a t u r e . After the rhenium 

l iner was instal led, this e m i t t e r - t e m p e r a t u r e - l i m i t i n g mechan ism no 

longer existed because of the re la t ive insensi t ivi ty of the bombardment 

cu r ren t to emi t te r t empe ra tu r e . On two occas ions , this led to l a rge 

r i ses in emit ter t empera tu re •when ces ium r e s e r v o i r hea te r s failed. 

These excursions in emit ter t empera tu re reached over ZOO°C and 

continued overnight for a total t ime of about 2 0 hours . 

The emi t te r t empera tu re surges coupled with some 90 seve re 

the rmal cycles finally caused dis tor t ion of the fueled emit ter and a 

resul tant emi t t e r - to -co l l ec to r short . Operation was te rmina ted after 

2460 hours and the diode was d i sassembled and is being inspected. 

P r i o r to the shor t , no significant change in per formance was obsexved. 
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In T a b l e 6.1 , a p e r f o r m a n c e s u m m a r y is p r e s e n t e d for SD-2 at 

t h r e e d i f fe ren t po in t s d u r i n g the l i fe t e s t . The f i r s t point w a s t a k e n 

p r i o r to the f i r s t t e s t i n t e r r u p t i o n , t he s e c o n d j u s t a f t e r t he f i r s t 

i n t e r r u p t i o n and the t h i r d j u s t a f t e r the r h e n i u m i n n e r s l e e v e w a s 

i n s t a l l e d . In F i g u r e 6 . 7 , a p e r f o r m a n c e v e r s u s t i m e g r a p h i s show^n 

w^ith po'wer inputs and c e s i u m r e s e r v o i r t e m p e r a t u r e s no ted a t s o m e of 

the data p o i n t s . The p o w e r input •was not he ld c o n s t a n t t h r o u g h o u t the 

o p e r a t i n g life due to the e l e c t r o n b o m b a r d m e n t h e a t e r p r o b l e m s p r e v i ­

o u s l y d i s c u s s e d . C o n s e q u e n t l y , the s c a t t e r in da ta i s m u c h g r e a t e r 

t han it is for the i n - p i l e t e s t i n g of S D - 4 . H o w e v e r , i n s p e c t i o n of 

F i g u r e 6. 7 i n d i c a t e s t ha t no s ign i f i can t c h a n g e in o p t i m u m c e s i u m 

p r e s s u r e o c c u r r e d for a g iven p o w e r input (and e m i t t e r t e m p e r a t u r e ) . 

T h e r e f o r e , i t a p p e a r s tha t no s ign i f i can t c h a n g e in e m i t t e r w o r k 

funct ion o c c u r r e d d u r i n g the l i fe t e s t . 
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A P P E N D I X A 

F U E L E D - E M I T T E R F A B R I C A T I O N 

A . SUMMARY 

Two e m i t t e r s w e r e f a b r i c a t e d to the n o m i n a l d i m e n s i o n s shown in F i g u r e A . L 

T a b l e A . l l i s t s the m e a s u r e d d i m e n s i o n s of e a c h enn i t t e r . The e m i t t e r s c o n ­

s i s t e d of t h r e e m a j o r c o m p o n e n t s : 1) a r h e n i u m c l a d and e m i t t i n g s u r f a c e ; 

2) a UOg -W c e r m e t fuel c y l i n d e r ; and 3) an i n t e r i o r t u n g s t e n c l ad . The r h e n i u m 

and c e r m e t c o m p o n e n t s w e r e f a b r i c a t e d by powder m e t a l l u r g y t e c h n i q u e s . The 

t u n g s t e n w a s m a c h i n e d f r o m w r o u g h t rod . D e n s i f i c a t i o n of the c e r m e t and b o n d ­

ing i t to the t u n g s t e n w e r e a c c o m p l i s h e d s i m u l t a n e o u s l y by i s o s t a t i c h o t - p r e s s i n g 

The dens i f i ed c e r m e t w a s g round to s i z e and the r h e n i u m c l ad , c o n s i s t i n g of a 

p re - s in t e r ed r h e n i u m s l e e v e and a dens i f i ed r h e n i u m end p lug , w a s i s o s t a t i c a l l y 

h o t - p r e s s e d onto the c e r m e t , f u r t h e r i n g d e n s i f i c a t i o n of the r h e n i u m s l e e v e and 

f o r m i n g a m e t a l l u r g i c a l bond a t the r h e n i u m s l e e v e - r h e n i u m end plug i n t e r f a c e . 

The c o m p o s i t e s p e c i m e n s w e r e g round to the ou t s i de d i m e n s i o n s and the t u n g s t e n 

w a s d r i l l e d by e l e c t r o - d i s c h a r g e nnachin ing , l e a v i n g the d e s i r e d t u n g s t e n w a l l 

t h i c k n e s s for the i n n e r c l add ing . T h r e e t h e r n a o c o u p l e h o l e s w e r e d r i l l e d in to 

the c e r m e t of e a c h e m i t t e r . 

B. FORMING OF THE CERMET STRUCTURE 

The two e m i t t e r s w e r e fueled wi th Un i t ed N u c l e a r C o r p o r a t i o n , fully 

e n r i c h e d , -100 + 140 m e s h , UOg sho t . T a b l e A. 2 l i s t s the v e n d o r ' s c h a r a c ­

t e r i z a t i o n . The UOg powde r w a s c o a t e d wi th 1 w t . p e r cen t (of the fuel) of 

p a r a w a x by d i s s o l v i n g the p a r a w a x in enough c a r b o n t e t r a c h l o r i d e to c o m p l e t e l y 

c o v e r the fuel in an e v a p o r a t i n g d i s h , and then e v a p o r a t i n g the c a r b o n t e t r a ­

c h l o r i d e , l e a v i n g the p a r a w a x r e s i d u e on the s u r f a c e s of the fuel p a r t i c l e s . The 

c o a t e d powde r w a s c h i l l e d to 6**C to h a r d e n the p a r a w a x c o a t i n g and then f o r c e d 
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r ĉ 0001 

.5000-°°° ' DIA* 
T^+.QOOO 

0420 DIA. 

.010 RAD. MAX. 

NOTE: 
DIA'S. MARKED <¥• ARE CONCENTRIC 

TO .0005 T.I.R. 

"S" .043-.88?) DIA. X .400'°^° DP. TIP 
l l - r l l , +.003 t.020 
T .043-000 DIA. X .900 DP TIP 

I I , i l l ,+.003 t .020, 
U .043-.bb6 DIA. X 1.400 DP TIP 

F i g u r e A - 1 , F i n i s h e d E m i t t e r 



I 
4!!ONPIUbPIIIAL 

TABLE A. 1 

SUMMARY OF FUELED EMITTER PROPERTIES 

1 •• - ' ' 

P e r C e n t 
T h e o r e t i c a l 

E m i t t e r D e n s i t y of 
No C e r m e t C e r m e t 

0 -1 

0-2 

S O v / o U O s - 2 0 v / o W 9 5 . 5 

8 0 v / o U O a - 2 0 v / o W 9 5 . 2 

T o t a l 

16. 27 

1 6 . 2 2 

C e r m e t 
235 L e n g t h , 
g inch 

15. 

15. 

15 1 .455 

11 1.454 

C e r m e t 
O . D . , 
inch 

0 . 4 6 2 

0 . 4 6 2 

E m i t t e 
No 

0-1 

0-2 

A v e r a g e 
T u n g s t e n T u n g s t e n 

r L e n g t h , I. D . , 
inch inch 

1 470 0 270 

1.469 0 270 

R e 
L e n g t h , 

inch 

2 000 

1 999 

""" (1) 
i . D . : ' 
inch 

0 . 4 6 2 

0 462 

R e P l u g 
i c k n e s s , 
inch 

0 149 

0. 150 

1 1 

(1) Inside d iamete r of open end 

(2) Calculated uranium contents. 
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COMHMMTtAL 

T A B L E A, 2 
VENDOR C H A R A C T E R I Z A T I O N OF UOg SHOT 

ISOTOPIC DATA: 93 . 14% U - 2 3 5 (As r e p o r t e d by AEC) 

CHEMISTRY DATA: 

% U r a n i u m 88. 

O: U 2. 

00 

003 ( B a t t e l l e A n a l y s i s : 2. 006) 

I m p u r i t i e s , P P M 

A g < 05 

Al 5 

B . 3 

Be <. 1 

T o t a l I m p u r i t i e 

P H Y S I C A L DATA: 

B l <. 5 Cu 1 Ni 30 Sn 1 

Cd <. 2 F e 10 P < 20 T o t a l 

C o < l Mg 5 P b < i H a l i d e s <10 

C r < 5 M n < 2 Si 30 

;s 122 P P M 

D e n s i t y 10. 265 C / C C 94. 8% T h e o r e t i c a l ( D e t e r m i n e d by M e r c u r y P y c n o m e t e r ) 

P a r t i c l e Shape 

D / D R a t i o 

1. 1 to 2. 1 

P a r t i c l e S ize 

M e s h S ize 

-100 

-100+ 140 

-140 

P e r c e n t 

100 

W e i g h t P e r Cen t 

T r a c e 

9 5 . 7 

4 . 3 
1 1 

93 
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t h r o u g h a 100 m e s h s i eve to s e p a r a t e the p a r t i c l e s T u n g s t e n powde r 

( F a n s t e e l Type 427) w a s then b l e n d e d wi th the c o a t e d fuel in a s i x - o u n c e , w i d e -

m o u t h g l a s s j a r c a n t e d 20^ f r o m h o r i z o n t a l and r o t a t e d a t a p p r o x i m a t e l y 30 R P M 

a t r o o m t e m p e r a t u r e un t i l the p a r a w a x b e c a m e t a c k y . 

F i g u r e A . 2 s h o w s the m a n d r e l a p p a r a t u s u s e d in c o m p a c t i n g the b l e n d e d 

c e r m e t into s l e e v e s . The m a n d r e l wi th one plug r e m o v e d w a s h e l d ver t lc- i J ly 

i n s ide a 0. 0 3 0 - i n c h (0. 076 cm) w a l l r u b b e r t ube . B l e n d e d powder w a s p o u r e d 

in to the tube and the plug w a s p l a c e d onto the m a n d r e l , push ing it down into 

c o n t a c t wi th the p o w d e r . The r u b b e r tube w a s pul led o v e r the e x p o s e d e n d s of 

the plug and t i ed to s e a l out the p r e s s i n g fluid. T h i s a s s e m b l y w a s s u b m e r g e d 

in a p i s t o n - t y p e h y d r o s t a t i c p r e s s and p r e s s u r i z e d to 70, 000 ps i (4900 k g / c m ). 

The c e r m e t s l e e v e s c o m p a c t e d to 72 p e r cen t of t h e o r e t i c a l d e n s i t y . 

T o ob ta in a u n i f o r m w a l l t h i c k n e s s , the g r e e n c o m p a c t e d c e r m e t s l e e v e s 

w e r e h e l d on a m a n d r e l and the ou t s i de d i a m e t e r t u r n e d on a l a t h e . T o m a i n t a i n 

s h a r p c o r n e r s and s q u a r e n e s s , and to r e m o v e the end effect p r o d u c e d in c o m ­

p a c t i o n , the s l e e v e s w e r e p l a c e d in a s t e e l s q u a r i n g b l o c k and a p p r o x i m a t e l y 

0. 2 inch (0. 51 cm) w a s r e m o v e d f rom e a c h end wi th No. 240 g r ind ing p a p e r . 

C . F O R M I N G O F THE TUNGSTEN M A N D R E L S 

T u n g s t e n m a n d r e l s w e r e m a c h i n e d f r o m l / 2 i nch (1 27 cm) d i a m e t e r F a n s t e e l 

t u n g s t e n r o d s t o c k a s shown in F i g u r e A . 3. The m a n d r e l s w e r e o r i g i n a l l y g round 

for a c e r m e t i n s ide d i a m e t e r of 0. 340 inch (0. 864 c m ) . T h i s d i a m e t e r w a s 

r e d u c e d to 0. 300 in. (0 . 762 cm) a f t e r n u c l e a r m o c k u p e x p e r i m e n t s showed a 

n e e d for m o r e fuel . A s a r e s u l t , the m a n d r e l s h a d to be r e g r o u n d to the s m a l l e r 

d i a m e t e r w i thou t c e n t e r h o l e s . Af t e r the 0. 340 - inch (0. 864 cm) d i a m e t e r h a d 

b e e n r e g r o u n d to 0. 300 inch (0. 762 c m ) , the c o n c e n t r i c i t y w a s c h e c k e d by 

chuck ing the 0 . 4 9 0 - i n c h ( 1 . 2 4 5 cm) d i a m e t e r end in a c o l l e t and t u r n i n g the 

m a n d r e l wh i l e a t r a v e l i n d i c a t o r rode the oppos i t e end The v a r i a t i o n of the 
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i n d i c a t o r w a s l e s s than 0. 0003 inch (0. 00076 cm) for e a c h m a n d r e l , and th i s 

w a s c o n s i d e r e d to be s a t i s f a c t o r y . A s h a r p c o r n e r w a s m a d e at the s t e p in the 

m a n d r e l by f in i sh ing wLth a po in ted t u n g s t e n c a r b i d e tool . The m a c h i n e d m a n d r e l 

w e r e d e g r e a s e d and v a c u u m - a n n e a l e d at 1600° C for 1/2 h o u r . 

D. ISOSTATIC HOT PRESSING O F THE C E R M E T S 

F i g u r e A. 3 is a d r a w i n g of the a s s e m b l y for dens i fy ing and bonding the 

c e r m e t to the t u n g s t e n . The t a p e r e d g r a p h i t e s l e e v e shown on the 0 . 4 9 0 - i n c h 

( i . 245 cm) d i a m e t e r t u n g s t e n w a s d e s i g n e d to r e d u c e the void s p a c e b e t w e e n the 

t a n t a l u m c l a d and the t u n g s t e n , and to h e l p m a i n t a i n a s h a r p t r a n s v e r s e i n t e r f a c e 

b e t w e e n the t u n g s t e n and the c e r m e t . Not shown in the d r a w i n g w a s a l a y e r of 

0. 0 0 6 - i n c h (0. 015 cm) th i ck g r a p h i t e foil wh ich c o m p l e t e l y l ined the t a n t a l u m 

c l a d d i n g to p r e v e n t i t s bonding to the i n t e r n a l c o m p o n e n t s of the a s s e m b l y . The 

a s s e m b l y w a s h e a t e d a t 1600®C in v a c u u m for a half h o u r to d r i v e off the p a r a w a x 

in the c e r m e t , and then v a c u u m - s e a l e d by e l e c t r o n b e a m w e l d i n g . T h e s e a s s e m ­

b l i e s w e r e then i s o s t a t i c a l l y h o t - p r e s s e d a t 1 6 0 0 ' C and 10, 000 ps i (701 k g / c m ) 

for t h r e e h o u r s . 

The t a n t a l u m c l add ing w a s r e m o v e d and c e n t e r h o l e s d r i l l e d in e a c h end of 

the t u n g s t e n m a n d r e l s . The . 300 - inch (0. 762 cm) d i a m e t e r w a s c e n t e r e d by 

c h u c k i n g the l a r g e r end of the t u n g s t e n m a n d r e l in a co l l e t and a d j u s t i n g the 

p i ece unt i l the . 300 - inch (0. 762 cm) d i a m e t e r r a n t r u e at the t u n g s t e n - c e r m e t 

i n t e r f a c e . The c e n t e r e d end w a s ground to a c o n v e n i e n t co l l e t s i ze and the 

. 4 9 0 - i n c h ( 1 . 245 cm) d i a m e t e r w a s c e n t e r e d . The p i e c e s w e r e then g round . 

The c e r m e t s at th i s s t age a r e shown in F i g u r e A . 4. A 0. 0 5 0 - i n c h (0. 127 cm) 

d e e p b l ind ho le w a s m a c h i n e d in the 0. 300 - inch (0. 762 cm) d i a m e t e r end of the 

t u n g s t e n to p r e s s - f i t onto a p r o j e c t i o n on the r h e n i u m plugs a s shown in F i g u r e 

A. 5. T h i s w a s to p r e v e n t shif t ing of the p lugs d u r i n g s u b s e q u e n t h o t - p r e s s i n g . 

A f t e r m a c h i n i n g , the s p e c i m e n s w e r e u l t r a s o n i c a l l y d e g r e a s e d in e thy l a l coho l 
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1. Tungsten Mandrel 

2. Pressure Bonded Cermet- Bonded to W mandrel-- Machined- Outgassed 30 min. at 1600 C. 

3. Rhenium Sleeve- 807o of theoretical density- Machined 0.590" O.D.X 0.465" I.D. X 2.055" long 

Outgassed 30 min. at 1600** C. 

4. Rhenium Plug with Moly insert for centering 

5. Tantalum Clad - 0.625"X 0.015" wall 

6. Tantalum End Plugs- 0.125" t h i c k - two in each end 

7. Graphite Foil— 0.006" thick-^ separating the specimen from end plugs on each end 
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Figure A-5 . Assembly for Simultaneous Densification 
and Pressure -Bonding Rhenium Clad 
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a n d v a c u u m h e a t t r e a t e d a t 1600^0 for hal f a n h o u r . T h e c e r m e t s l e e v e l e n g t h s 

w e r e d e t e r m i n e d by m e a s u r i n g the d i s t a n c e f r o m the c e r m e t - t u n g s t e n i n t e r f a c e 

to the end of the c e r m e t on an XLO shadow g r a p h a t 50X m a g n i f i c a t i o n . In 

c a l c u l a t i n g d e n s i t i e s for e a c h c e r m e t , the we igh t of the c e r m e t w a s o b t a i n e d by 

s u b t r a c t i n g the c a l c u l a t e d w e i g h t of the t u n g s t e n m a n d r e l s f r o m the to t a l w e i g h t s 

The d e n s i t i e s thus c a l c u l a t e d showed the c e r m e t s to be a p p r o x i m a t e l y 95 p e r cent 

of t h e o r e t i c a l d e n s i t y . F i g u r e A . 7 i s a p h o t o m i c r o g r a p h of the dens i f i ed c e r m e t 

s t r u c t u r e . 

E . F O R M I N G O F THE RHENIUM CLAD 

The r h e n i u m s l e e v e and the end plug for e a c h e m i t t e r w e r e f a b r i c a t e d f r o m 

U n i t e d M i n e r a l and C h e m i c a l C o r p o r a t i o n , 99- 9 p e r cen t p u r e , -240 m e s h , 

r h e n i u m p o w d e r . T h i s r h e n i u m p o w d e r c o m p a c t e d to only 46 p e r c e n t of t h e o ­

r e t i c a l d e n s i t y a t 6 0 , 0 0 0 p s i (4 , 210 k g / c m ). T o ob t a in a u n i f o r m w a l l t h i c k n e s s 

a n d to p r e v e n t s i n t e r i n g s h r i n k a g e d u r i n g h e a t - u p to the i s o s t a t i c h o t - p r e s s i n g 

t e n n p e r a t u r e , it w a s n e c e s s a r y to p r e - s i n t e r the r h e n i u m s l e e v e s . P r e v i o u s l y , 

46 p e r c e n t d e n s e r h e n i u m s l e e v e s w h i c h w e r e s i n t e r e d 2 h o u r s a t 1600° C w e r e 

7 6 . 9 p e r c e n t of t h e o r e t i c a l d e n s i t y and the i n s ide c r o s s - s e c t i o n a l a r e a r e d u c e d 

35. 7 p e r c e n t . 

A p r e s s i n g a p p a r a t u s b a s e d on the above s i n t e r i n g da ta w a s p r e p a r e d s i m i l a r 

to tha t in F i g u r e A . 2 . S l eeve s w e r e p r e s s e d a t 6 0 , 0 0 0 ps i ( 4 , 2 1 0 k g / c m ) to 

45 . 6 p e r c e n t of t h e o r e t i c a l d e n s i t y . T h e s e g r e e n - p r e s s e d s l e e v e s w e r e s i n t e r e d 

2 h o u r s a t 1600'*C in v a c u u m . The a v e r a g e i n s ide d i a m e t e r of the s l e e v e s w a s 

0 . 4 7 0 inch ( 1 . 193 c m ) . T o f u r t h e r r e d u c e the in s ide d i a m e t e r , the s l e e v e s w e r e 

s i n t e r e d 2 m o r e h o u r s at 1600° C. Af te r 4 h o u r s of s i n t e r i n g , the a v e r a g e ins ide 

d i a m e t e r w a s 0. 467 inch ( 1 . 186 cm) and the a v e r a g e d e n s i t y w a s 84. 5 p e r c e n t of 

t h e o r e t i c a l d e n s i t y . The i n s i d e c r o s s - s e c t i o n a l a r e a r e d u c e d 32 .9%. 
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The ou t s ide d i a m e t e r of the r h e n i u m s l e e v e s w a s g round , the in s ide w a s 

honed s m o o t h , and the s l e e v e s w e r e cut to r e m o v e n o n - u n i f o r m i t i e s at the e n d s 

The s l e e v e s w e r e u l t r a s o n i c a l l y d e g r e a s e d in e thy l a l c o h o l and o u t g a s s e d a t 

1600^0 fo.r 1/2 h o u r . 

Rhenium end p lugs w e r e f a b r i c a t e d to s l i p in s ide the r h e n i u m s l e e v e s . 

P o w d e r c o m p a c t s c o l d - p r e s s e d at 40 , 000 p s i (2 , 800 k g / c m ^ ) w e r e 0. 595-ir ich 

( i 51 cm) d i a m e t e r by 0. 8 4 0 - i n c h ( 2 . 1 3 cm) long and w e r e 4 1 . 8 p e r c e n t of 

t h e o r e t i c a l d e n s i t y . T h e s e c o m p a c t s w e r e ho t p r e s s e d in a 0. 6 0 0 - i n c h ( 1 . 523 

cm) d i a m e t e r g r a p h i t e die a t 1600° C and 8, 000 ps i (561 k g / c m ) for a hal f h o u r 

in v a c u u m to g r e a t e r t h a n 99 p e r c e n t of t h e o r e t i c a l d e n s i t y . The dens i f i ed plugs 

w e r e g round to the c o n f i g u r a t i o n shown in F i g u r e A . 5. B e c a u s e c e n t e r - h o l e s 

canno t be d r i l l e d in the r h e n i u m c l ad end of the e m i t t e r a f t e r bond ing , a b l ind 

ho le w a s e l e c t r i c a l d i s c h a r g e m a c h i n e d in the r h e n i u m plug and a m o l y b d e n u m 

i n s e r t f i t ted into the h o l e . The 0. 150- inch (0. 382 cm) d i a m e t e r by 0. 0 5 0 - i n c h 

(0. 127 cm) long c e n t e r e d e x t e n s i o n oppos i t e the b l ind ho le w a s p r o v i d e d to 

m a i n t a i n the c e n t r a l pos i t i on of the plug wi th r e s p e c t to the c e r m e t by p r e v e n t i n g 

shi f t ing of the plug d u r i n g i s o s t a t i c ho t p r e s s i n g . 

The c e r m e t and r h e n i u m c o m p o n e n t s for e a c h e m i t t e r w e r e a s s e m b l e d and 

e l e c t r o n b e a m v a c u u m - s e a l e d in t a n t a l u m c a n s , a s shown in F i g u r e A . 5. T h e 

a s s e m b l i e s w e r e i s o s t a t i c a l l y h o t - p r e s s e d a t 1600°C and 10, 000 ps i (701 kg /cm^) 

for t h r e e h o u r s . 

The t a n t a l u m end plugs w e r e r e m o v e d f rom e a c h end of the a s s e m b l i e s , 

t ak ing s p e c i a l c a r e to l eave the e x p o s e d face of the r h e n i u m plug u n d i s t u r b e d , 

s i n c e th i s face h a d to be u s e d a s the r e f e r e n c e for d e t e r m i n i n g the c e r m e t 

l o c a t i o n and the f inal e m i t t e r and c e r m e t l e n g t h s . C e n t e r h o l e s w e r e d r i l l e d 

in the m o l y b d e n u m i n s e r t s . The c e n t e r s in the t u n g s t e n w e r e r e f i n i s h e d . The 

r h e n i u m c l a d e n n i t t e r s w e r e g round to the ou t s i de d i m e n s i o n s . 
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F . FORMING OF THE INNER TUNGSTEN CLAD 

The t u n g s t e n m a n d r e l w a s r e m o v e d by e l e c t r i c a l d i s c h a r g e m a c h i n i n g . 

A 0. 015- inch (0. 038 cm) t h i c k n e s s of t u n g s t e n c l add ing w a s left on the ins ide 

s u r f a c e s of the c e r m e t . F i g u r e A. 6 shows the s e m i - f i n i s h e d e m i t t e r at th i s 

s t a g e . F i g u r e A. 8 is a p h o t o m i c r o g r a p h of a t u n g s t e n m a n d r e l r h e n i u m c l ad 

i n t e r f a c e a f t e r ho t p r e s s i n g . 

G. MACHINING O F THE T H E R M O C O U P L E H O L E S 

The t h r e e t h e r m o c o u p l e h o l e s shown in F i g u r e A. 1 w e r e d r i l l e d th rough the 

t u n g s t e n c l a d and in to the c e r m e t by e l e c t r i c a l d i s c h a r g e m a c h i n i n g . T h e 

m a c h i n e d e m i t t e r s w e r e u l t r a s o n i c a l l y d e g r e a s e d in e thy l a l c o h o l and sh ipped . 
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POST IRRADIATION EVALUATION OF THERMO ELECTRON 
CORPORATION'S SD-4 DIODE (U) 

James H. Saling, Edward O. Speidel, and Victor W. Storhok 

The SD-4 thermionic diode, which operated in the 
Battelle Research Reactor for about 8100 hr and acquired a 
burnup of Z.85 x 10^^ fissions per cm^, was subjected to a 
postirradiation examination which included visual inspection, 
fission-gas sampling, burnup analysis, dimensional measure­
ments, metallography, fission-product distribution determina­
tions, and chemical analyses. No gross swelling or warping of 
the emitter was observed. A 2.7 percent increase in emitter 
diameter was measured. 

INTRODUCTION 

In September of 1965, T h e r m o E lec t ron Corpora t ion s ta r ted an in-pile tes t at the 
Battelle R e s e a r c h Reac tor under USAEC sponsorsh ip . The t e s t a s sembly (Figure 1) 
consis ted of a cyl indr ical the rmionic conver ter with a rhenium emi t t e r (Figure 2) fueled 
with a tungsten-80 v /o UO2 c e r m e t . The ex te rna l environment of the conver ter was a 
s ta t ic vacuum formed by an ini t ial pump-out and seal-off of a s ta in less s tee l housing. 
The tes t a s sembly operated in-pile for 8125 hr over a per iod of about 2 y e a r s . More 
than 80 cycles between shutdown and full power occu r red during this per iod. The ave r ­
age e lec t rode power densi ty throughout the t e s t l ifetime was 7. 8 w per cm^. For fixed 
re fe rence levels of r eac to r power, ces ium p r e s s u r e , and collector t e m p e r a t u r e , the 
diode per fo rmance was stable throughout the t es t . The tes t was t e rmina t ed when dif­
ficulties occu r r ed in auxi l iary h e a t e r s and coolant sys t ems which caused a loss in con­
t ro l of the t e m p e r a t u r e of the ces ium r e s e r v o i r . 

A pos t i r r ad ia t ion evaluation was conducted at the Bat te l le-Columbus Hot-Cel l 
Faci l i ty and consis ted of the following opera t ions : 

(1) Neutron radiography 

(2) Visual examinat ion 

(3) Burnup analyses and gamma scanning of diode 

(4) F i s s i on -gas sampling 

(5) D i s sa s sembly of diode and dimensional m e a s u r e m e n t s 

(6) Metal lographic examinat ion 

(7) Determinat ion of f iss ion-product dis t r ibut ion 

(8) Chemical and vacuuin-fusion ana lyses . 

The following sect ions d iscuss each operat ion in detai l . 



/ 

/ 

/ 

Rhenium 

Fuel (UOg 20 7o 
tungsten cermet) 

-Tungsten 

F I G U R E 1. L O N G I T U D I N A L CROSS S E C T I O N O F E M I T T E R 

TaKKsaiaBfefc^-



I 

EmitUr Current L«ad.i(Cu) 

M 

Mam0.od«lnsuk)tof-(Al|Os] 

water |niit(SS.) 

WQtflr Coolont Jacket {Mb)-

OutfT Coolont Conto>«r (Mb)-

MrtoiiurgicaI Bandi-^ 

lUurvHr Cooling Stmp (Al) -

^ ^Go^5amp|lnJTube (5.i.) 

Cio&Lire Diug(Ni) 

^E/niU*rTC AtioniMnt Wua(l4o) 

- EmitUrSupporter^ fMo') 

idbuUttor Flana»»(Nb) 

/Collector Current LeadRH^(KK>) 

' Cmun* bwrwlr(Nb) 

V 

/ 

I 

FIGURE 2. DESIGN OF DIODE SD-4 



4 

RESULTS OF EXAMINATION 

Visual Examinat ion 

After sampling of the gases in the outer containment can, the diode was moved into 
the Remote Handling Faci l i ty and the outer containment can was removed . The t h e r m o ­
couple and hea te r leads were removed so that a visual examination of the diode could be 
made . 

Visual examination of the diode assembly did not show any evidence of gross fail­
ure of any of the visible p a r t s . F igure 3 is a photograph of the assembly after removal 
of the outer can. The color of the surface of the heat exchanger was probably da rker 
than it was original ly, but it s t i l l had a meta l l i c l u s t e r . All exposed surfaces including 
the c e r a m i c seal were examined at magnifications up to 12X. There was a faint line 
along the seam on the main diode insulator suggesting the possibi l i ty of a c rack (Fig­
ure 4). La te r invest igat ions indicated that no c rack exis ted and that the m a r k was p rob­
ably a stain of the type frequently observed on s imi l a r in su la to r s . The appearance of 
the r e s t of the c e r a m i c sea l was typical of s imi la r a s - cons t ruc t ed s e a l s . 

One of the emi t t e r cu r ren t leads and two of the c e s i u m - r e s e r v o i r hea te r leads ap­
pea red to be loose . These may have been pulled loose e i ther during remova l of the 
diode assembly from the containment can or during remova l of the thermocouple and 
hea ter l eads . 

Neutron Radiography 

Neutron radiographs of the diode were obtained before it was d i sassembled (Fig­
ure 5). The neutron radiographs were obtained by t r a v e r s i n g the diode past a coUimated 
beam of neutrons from the r e a c t o r . The emi t t e r was then ro ta ted 90 deg and the p roces s 
repea ted . Neutrons that passed through the diode act ivated an indium foil placed before 
each exposure on the opposite side of the diode from the neutron source . The indium 
foils were then used to expose photographic p la tes , producing images of the diode. 
Dark a r e a s in the resu l tan t p ic tures indicate where all or mos t of the neutrons were 
absorbed in pass ing through the diode. 

These rad iographs (Figure 5) indicated that no g ross swelling or warping of the 
emi t t e r had occur red . A dark, slightly conical a r e a just above the top of the emi t t e r 
fuel was seen in some rad iographs and was thought to be the laminated heat shield. 
La te r in the examinat ion, it was found that this was UO2 which had been vapor deposited 
onto the bottom of the heat shield during i r r ad ia t ion . The neutron rad iographs did not 
show significant quanti t ies of ces ium in the ces ium r e s e r v o i r . However, the neutron 
rad iographs would not detect ces ium if it were d is t r ibuted in thin films throughout the 
l ow- t empe ra tu r e por t ions of the diode s t r u c t u r e . Since the diode had been handled p r io r 
to radiographing, it was concluded that the ces ium could have been sp read to other pa r t s 
of the diode. 
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After the emi t t e r had been removed from the diode it was again neutron r ad io ­
graphed (Figure 6). Without the col lector and heat exchanger a much c l e a r e r p ic ture of 
the emi t t e r i tself could be obtained. It is obvious from these rad iographs that the fuel 
in the emi t t e r was c racked in s eve ra l p l ace s . La ter meta l lographic examination showed 
that re locat ion of UO2 by vapor t r a n s p o r t had occu r r ed and that both the tungsten inner 
cladding and the fuel were extensively c racked . These neutron rad iographs also indi­
cated that the emi t t e r had swelled in the fueled a r ea . This observat ion was la ter con­
f i rmed by dimensional m e a s u r e m e n t s . 

Gamma Scan and Burnup Analyses of the Diode 

As an init ial s tep in determining spec imen burnup, the re la t ive intensity of gamma 
radia t ion emi t ted from the fuel was de te rmined as a function of its length. Data from 
this operat ion were co r r e l a t ed with the analyt ical ly de te rmined burnup to give the r e l a ­
tive dis t r ibut ion of burnup over the length of the fuel. The 0. 757-mev Zr95 photopeak 
was used to obtain the gamma intensity profi le . F igure 7 shows a plot of the gamma 
activity of the fuel as a function of emi t t e r length and indicates that the re was some end 
effect, especia l ly at the bottom of the fuel. Longitudinal sectioning of the sample la te r 
revea led that vapor t r a n s p o r t of the UO2 had occu r r ed and appreciable amounts of UO2 
had been deposited at the top and the bottom of the e m i t t e r . It is probable that some of 
the i nc rea sed ganama activity observed at the ends of the emi t t e r was due to this in­
c r ea sed amount of fuel at the ends . However , some might also have been due to flux 
peaking at the ends of the fuel. 

A rep resen ta t ive c ro s s sect ion of the fuel was removed from the axial center of 
the emi t t e r for analyt ical burnup de terminat ion . This sample was sent to Idaho Nuclear 
Corporat ion for u r an ium isotopic ana lyses . The r e su l t s of the isotopic analyses a re 
given in Table 1. The burnup was calculated from the re la t ionship : 

, , , ^ 6 / 5 - ' ^ ° 6 / 5 
Burnup = 100 

where 

(TT^+^6 /5 ) 

R ^ / 5 = ra t io of the pos t i r rad ia t ion fractions of U^^" to u235 

R° / ,j- - r a t io of the p r e i r r ad i a t i on fractions of U to U^^^ 

a = r a t io of the c ro s s sect ions for fission and capture in 
U^^^ = 0. 185 ± 0.004. 

The burnup values calculated using the above method along with es t ima ted burnups 
de te rmined by c a l o r i m e t r y m e a s u r e m e n t s of the diode during i r rad ia t ion a re given in 
Table 2. The burnup calculated from isotopic analyses is bel ieved to be the mos t 
a c c u r a t e . 
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TABLE 1. RESULTS OF ISOTOPIC ANALYSES OF FUEL FROM SD-4 

Frac t ion of Uranium Isotope P r e s e n t , w /o 

Sample u234 u235 u236 u238 

SD-2 (control) 1.01 93.02 0.21 5.76 

SD-4 1.02 92.46 0.64 5.88 

TABLE 2. BURNUPS OBTAINED FROM ISOTOPIC ANALYSES AND 
POWER OUTPUT DURING OPERATION 

Es t ima ted Burnup Values 

a /o U Fiss ioned lO'^^ F i s s ions per Cm3 of Cerme t 
F r o m In-Pi le F r o m Isotopic F r o m In-Pi le F r o m Isotopic 

Sample C a l o r i m e t r y Analyses Ca lo r ime t ry Analyses 

SD-4 1. 7 2 .3 ± 0.2 2. 8 3. 85 

F i s s ion-Gas Sampling 

F i s s ion -gas sampling of the outer can was acconaplished through a specia l valve 
provided on the can. 

The outer can containing the diode was init ial ly evacuated through this valve which 
was then closed and its outlet sea led . Since this valve was above the vacuum-sea l plate , 
the f i ss ion-gas sampling of the outer can was done before the diode was placed into the 
Remote Handling Faci l i ty . The gas - sampl ing procedure involved connecting an evacuated 
sampling sys t em to the can through the valve provided. Then, using a Toepler pump, 
the gases contained in the can were t r a n s f e r r e d to a collection sys t em of known volume. 
Samples were then removed from the collection sys t em and analyzed by m a s s s p e c t r o s ­
copy for total krypton and xenon. The amount of krypton and xenon r e l e a s e d (6. 7 cm3) 
was 80 percen t of the amount formed during i r rad ia t ion , as calculated from the burnup 
m e a s u r e d analyt ical ly. Also, there was a large amount of hel ium (8. 5 cm3) in this vol­
ume which p resumably leaked through the vacuum-sea l p la te . A low flow of hel ium was 
used continuously during the i r rad ia t ion to purge the lead tube above the seal p la te . Us­
ing a calculated volume of 6000 cin3 for the void volume of the outer can, the total f is­
sion gases and hel ium would have resu l t ed in a p r e s s u r e of 1. 93 m m of m e r c u r y in the 
outer containment can. In an effort to de termine if the outer containment can leaked 
during i r rad ia t ion , the can was evacuated through the special valve and a hel ium leak 
detector was connected into the sys t em. Hel ium was then flowed around the outside of 
the can. The only detectable leak found was in one of the coolant l i nes . However, the 
size of this leak and the re la t ive ly shor t exposure to hel ium during a purge of the coolant 
l ines would not s eem to account for the amount of hel ium found in the can. It is possible n 

I 
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that the vacuum-sea l plate , which was continually flooded with hel ium throughout the i r ­
radiat ion, could have had a very smal l leak that was not detectable by the measu r ing 
equipment available in the Hot Cell Faci l i ty . 

The in te re lec t rode space was sampled for fission gas by placing the ent i re diode 
into an evacuated chamber and dri l l ing through the nickel tube connecting the ces ium 
r e s e r v o i r to the in te re lec t rode spacing. The gases r e l e a s e d from the in te re lec t rode 
space were also pumped into an evacuated collection sys t em of known volume by means 
of a Toepler pump. Samples of the gases were then removed from the collection s y s ­
t e m and analyzed by both gamma spec t roscopy and m a s s spec t roscopy. The emi t t e r 
cavity of the diode was then sampled for fission gas in the same manner by dri l l ing 
through the s ta in less s tee l gas-sanapling tube at the top of the e m i t t e r . A very smal l 
amount, 8 x lO"'* cm3 (0. 01 pe rcen t of theore t ica l ) , of fission gas was found in the in te r ­
e lec t rode space , A much l a r g e r amount (0. 15 cm3) of hel ium was found in this volume, 
however . The volume of the in te re lec t rode spacing and the ces ium r e s e r v o i r was e s t i ­
mated to be about 7 cm3_ With a volume of 7 cm3, the pa r t i a l p r e s s u r e of he l ium in the 
in te re lec t rode space was calculated to be 16. 7 nnm of m e r c u r y . After t e rmina t ion of the 
i r rad ia t ion , one of the water l ines was evacuated in an effort to unplug them. Subse­
quent hel ium leak checks revea led a smal l leak in a water line at a point inside the outer 
containment can. It i s , t he re fo re , believed that some of the hel ium was removed from 
the outer can when the wate r line was evacuated. This accounts for the m e a s u r e d higher 
pa r t i a l gas p r e s s u r e (16. 7 m m v e r s u s 1. 93 m m of m e r c u r y ) in the in te re lec t rode space 
than in the outer can. This amount of hel ium could not have been p resen t while the diode 
was operat ing as it would have cooled the emi t t e r to the extent that no output would have 
been avai lable . There is no readi ly apparent explanation of how the hel ium en te red the 
in te re lec t rode space . 

Analyses of the gas collected frona the emi t t e r cavity indicated that no gases of any 
kind were p re sen t . The tube extending out the top of the emi t t e r cavity broke off flush 
with the top of the diode during f iss ion-gas sampling, but since the ent i re diode was 
within the sampling sys t em, no loss of gas occu r r ed . Since no gas was found in the emi t ­
t e r cavity, it was concluded that the emi t t e r cavity leaked to the a r e a outside the diode. 
Consequently, any gas contained in this volume was col lected when the outer can was 
sampled, and any gas remain ing in this volume was pumped out when the volume around 
the diode was evacuated p r io r to f i ss ion-gas sampling of the emi t t e r cavity. 

In o rde r to de te rmine the source of the fission gas in the outer can, the i n t e r e l ec ­
t rode space and the ces ium r e s e r v o i r were hel ium leaked checked p r io r to the at tempt to 
sample for fission gas in the emi t t e r cavity. This was accomplished by cutting the tube 
between the diode and the ces ium r e s e r v o i r , which had been dr i l led through for sampling 
of the fission gas , and then independently evacuating the in te re lec t rode space and the 
ces ium r e s e r v o i r through the open ends of this tube. Helium was then flowed around the 
outside of the diode and the ces ium r e s e r v o i r . Any leak in the in te re lec t rode spacing or 
the ces ium r e s e r v o i r would have been revea led by the hel ium leak detector connected 
into the evacuated sy s t em. No leak was found between the in te re lec t rode space and the 
outside of the diode or in the ces ium r e s e r v o i r . After the emi t t e r cavity had been s a m ­
pled, which r e su l t ed in breaking off the tube at the top of the emi t t e r cavity, the in ter ­
e lec t rode space was again leak checked in the same manner as before . This was done to 

| see if the re was any leak between the emi t t e r cavity and the in te re lec t rode space , A leak 
was found, but additional t e s t s indicated that it was in the weld between the s ta in less s tee l 
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tube provided for f i ss ion-gas sampling and the top of the emi t t e r support r ing . It is be­
lieved that this leak was introduced when the tube at the top of the emi t t e r cavity broke 
off. The r e su l t s of the f i ss ion-gas analyses support this theory . In an at tempt to de te r ­
mine if volatile m a t e r i a l s could have plugged any ho les , the diode was heat t r ea ted in a 
vacuum furnace for 4 hr at 600 C and at 750 C. Hel ium leak checks after each anneal 
did not r evea l any additional leaks in the diode. It therefore seems apparent that no leak 
developed in any par t of the ces ium envelope during the in-pile t e s t . 

D i sas sembly of Diode and Dimensional Measuremen t s 

In order to insure that adjacent surfaces of the diode components could be com­
pared , all components which were to be separa ted were m a r k e d for or ientat ion purposes . 
The diode was then d i s sa s sembled as follows. The emi t t e r support r ing and the emi t te r 
were removed from the diode by cutting the niobium insulator flange (refer to Figure 2) 
just below the c e r a m i c sea l . The c e r a m i c sea l was then removed by cutting the insulator 
flange just above it. Also, the bottom collector plug was removed by grinding away the 
weld at the bottom of the diode. Each of these p a r t s , along with the ces ium r e s e r v o i r 
and the tube which had broken off of the top of the emi t t e r , was examined in detai l . 

E m i t t e r 

A detailed visual examination of the emi t t e r indicated that the fueled a r e a had ex­
per ienced a slight amount (2. 7 percent on the d iameter ) of swelling but the surface ap­
peared to be in excellent condition, as shown in Figure 8, Diameter measurennents 
were obtained on the emi t t e r using s tandard machin is t m i c r o m e t e r s at 0 deg and 90 deg 
of rotat ion at approximate 1/4-in. inc rements along the length. The r e su l t s of these 
m e a s u r e m e n t s are given in Table 3 . The d iameter of the shor t , nonfueled a r e a at the 
top of the emi t t e r was m e a s u r e d at s eve ra l locations using a pair of bal l -point m i c r o ­
m e t e r s . Both sets of m e a s u r e m e n t s were es t ima ted to be accura te to within 0.0005 in. 
It was assumed that the m e a s u r e m e n t s at the top of the emi t t e r had not a l t e red during 
i r rad ia t ion and were thus equivalent to the p re i r r ad i a t i on data . On the bas i s of these 
data, the p re i r r ad i a t i on d iameter of the emi t t e r was 0,4975 in. and the average swelling 
over the fueled a rea was 2, 7 percen t . There appeared to be some ovality of the emi t t e r 
after i r r ad ia t ion with a d iameter inc rease of 2 .4 percen t in one plane and 3. 0 percen t in 
the 90-deg plane. Measu remen t of the inside d iamete r of the emi t t e r cavity indicated 
large va r ia t ions . These data are a lso p resen ted in Table 3 . La te r , visual and me ta l ­
lographic examinations revealed that the inner tungsten cladding had c racked and that 
fuel re locat ion had occu r red both at the top and at the bottom of the emi t t e r , causing the 
la rge var ia t ions of the inside d iamete r of the fuel that were observed . 

Collector 

Dimensional m e a s u r e m e n t s were obtained on the inside d iameter of the collector 
and the outside d iameter of the heat exchanger in the same manner as that descr ibed for 
the emi t t e r . The r e su l t s of these m e a s u r e m e n t s a re p resen ted in Table 4, The inside 
d iameter was slightly l a rge r at the bottom and uniformly became sma l l e r toward the top. 
The uniformity of this taper suggested that it was p resen t in the a s - fab r i ca ted component 
and was not the resu l t of i r r ad ia t ion . 
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TABLE 3 . DIMENSIONS OF EMITTER 

Location of 
Measurement, 

in. from 

bottom of 

emitter 

0 
0.25 
0.50 

0.75 
1.00 

1.25 
1.50 

Outside Diameter of 
Emitter, in . 

Preirradiation 

0.4975 
0.4975 
0.4975 

0.4975 

0.4975 
0.4975 
0.4975 

Postirradiation 

ODeg 

0.5120 
0 5114 
0.5098 
0.5102 

0.5101 
0.5086 
0.5053 

90 Deg 

0.5123 
0.5139 
0.5140 

0.5131 

0.5140 
0.5122 
0.5063 

Increase in Out-
side Diameter of 
Emitter, percent 

ODeg 

2 .9 
2 , 8 
2 . 5 

2 .5 

2 . 5 
2 .2 

1.6 

90 Deg 

3 .0 
3 .3 
3 .3 
3 .1 

3 .3 
3 .0 

1.8 

Inside Diameter of 
Emitter, in. 

Preirradiation 

0.270 

0.270 
0.270 

0.270 

0.270 
0.270 
0.270 

Postirradiation 

0 Deg 

0.265 
0.245 
0.274 
0.274 

0.269 
0.270 

0.237 

90 Deg 

0.270 
0.269 
0.270 

0.266 

0.271 
0.272 

0.235 

Change 
Diame 

Emitter, 
0 Deg 

-1 .9 
- 9 . 3 
+1.5 

+1.5 
- 0 . 4 

0.0 
-12 .0 

in Inside 
ter of 
percent 

90 Deg 

0.0 
- 0 . 4 

0.0 

- 1 . 5 
+0.4 

+0.7 
-13 .0 

TABLE 4. DIMENSIONS OF COLLECTOR 

Location of 

Measurement, 
in. from bottom 

of collector 

0 

0.25 
0.50 
0 .75 

1.00 
1.25 
1.50 

1.75 

Outside Diameter 
of Heat 

0 Deg 

1.6625 

1.6610 

1.6633 

1.6640 

Exchanger, 
in. 

90 Deg 

1. 6647 

1.6603 

1.6630 

1.6592 

Inside Diameter 
of Collector, 

0 Deg 

0. 5227 

0. 5229 
0. 5229 
0. 5226 
0. 5224 

0. 5223 
0. 5222 

0.5221 

in. 
90 Deg 

0. 5231 
0. 5230 
0. 5229 
0. 5226 
0. 5224 

0.5222 
0. 5223 

0. 5223 

(1- -: 



15 

After the dimensional m e a s u r e m e n t s were obtained, the collector was sect ioned 
longitudinally so that its surface could be examined in detai l . F igure 9 shows photo­
graphs of the col lector surface before and after cleaning. There was a fair ly extensive 
d iscolored a r ea (which shows l ighter in the photographs) on the col lector surface about 
one- th i rd of the way down from the top and also a smal l a r ea about two- th i rds of the way 
down from the top. There was no evidence of s imi l a r mark ings on the mating emi t t e r 
sur face . Axial sur face-prof i le m e a s u r e m e n t s along the collector surface indicated that 
there was no detectable difference in surface roughness or surface level in the d i s ­
colored a r e a s as compared with nondiscolored a r e a s . 

Upper Ce ramic Seal 

Visual examinat ion of the main diode insulator did not r evea l anything unusual . 
The inside surface of the c e r a m i c , as shown in Figure 10, appeared to be in excel lent 
condition. Voltage-breakdown t e s t s , however , indicated that a rc ing through the insu­
lator occu r r ed at voltage readings of 1 0 v or l e s s , which was the min imum detectable 
reading on the m e a s u r i n g equipment used . Measu remen t s indicated a r e s i s t ance ac ros s 
the seal of 510 ohms, and a t tempts to clean up the surface of the c e r a m i c with a wire 
b rush to remove fused m a t e r i a l and inc rease the voltage r equ i red for breakdown were 
unsuccessfu l . The r e s i s t a n c e inc reased after each cleaning but after s eve ra l c leanings, 
it was st i l l only 3200 ohms, and no voltage reading could be obtained. Voltage-
breakdown tes t s were also conducted on the top c e r a m i c sea l of a duplicate diode (SD-2) 
which was operated only out -of-pi le . In this case the voltage r equ i r ed for breakdown 
was 500 V and, after the c e r a m i c surface was cleaned with a wire brush after each t e s t , 
this same value was m e a s u r e d seve ra l t i m e s . The bottom c e r a m i c insulating bushing 
of SD-4 was examined and was found to have a coating of white m a t e r i a l over a la rge 
port ion of its top su r face . There also appeared to be a smal l c i rcumferen t ia l c rack be­
tween the c e r a m i c and the me ta l on one side as shown in F igure 11. The bottom c e r a m i c 
insulating bushing o therwise appeared to be in good condition. 

Heat Shield 

The heat shield in the top of the emi t t e r cavity was removed and examined. The 
bot tom surface n e a r e s t the fuel was coated with a heavy deposit of a very c o a r s e , friable 
m a t e r i a l (Figure 12a) which looked very s imi l a r to vapor -depos i ted UO2. Later chemi­
cal analyses revea led that it was indeed UO2 which apparent ly had moved from the fuel 
by vapor t r a n s p o r t . F igures 12b and 12c show that this coating was only on the bottom 
surface of the heat shield, i, e, , the f i rs t tungsten-foil radia t ion shield. The top of the 
hea t - sh ie ld plug appeared to be unchanged, with all machining m a r k s s t i l l plainly v is ib le . 

Copper Cooling St raps 

The copper cooling s t r aps (Figures 13 and 14), connecting the heat exchanger to 
the ces ium r e s e r v o i r were removed and thei r dinaensions were m e a s u r e d . The s t r aps 
were 2,37 in, long by 0.42 in. wide by 0.23 in. thick. One of the s t r aps had broken 
loose from the heat exchanger (Figure 14). It appeared that the failure occu r red be ­
cause of f rac ture of the bolt holding it to the heat exchanger . It is not known whether 
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FIGURE 9. CONDITION OF COLLECTOR SURFACE 
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FIGURE 10. INSIDE SURFACE OF THE TOP CERAMIC INSULATOR 
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FIGURE 11 . TOP SURFACE OF BOTTOM CERAMIC INSULATOR BUSHING 
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c. Top Surface of Heat Shield 

FIGURE 12. SURFACE CONDITION OF THE HEAT SHIELD AT THE TOP OF THE EMITTER CAVITY 
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4X P1233 

FIGURE 13. COPPER COOLING STRAP CONNECTING HEAT EXCHANGER TO CESIUM RESERVOIR 

2X P1225 

FIGURE 14. FRACTURED STUD THAT HELD COPPER COOLING STRAP TO HEAT EXCHANGER 
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this f rac ture occu r red during i r rad ia t ion or during subsequent handling of the diode, 
Other than th i s , the s t r aps did not show any evidence of de te r io ra t ion . 

Ces ium R e s e r v o i r 

The ces ium r e s e r v o i r was examined for evidence of de ter iora t ion and none was 
found (Figure 15), An a t tempt was made to visual ly de te rmine the amount of ces ium r e ­
maining in the ces ium r e s e r v o i r but it was not possible to get sufficient light into the 
hole . The r e s e r v o i r was weighed and then baked in a vacuum furnace at 650 C for 4 h r 
to vaporize and remove any ces ium in the r e s e r v o i r . The r e s e r v o i r was again weighed, 
A weight loss of 0, 0052 g, which was a s sumed to r e p r e s e n t the weight of ces ium in the 
r e s e r v o i r p r i o r to the heat ing, was m e a s u r e d . The ces ium r e s e r v o i r was then leak 
checked again with hel ium to see if the ces ium remova l had opened any l eaks . The r e ­
sul ts of this leak t e s t again indicated that the re were no leaks in the ces ium r e s e r v o i r . 

Sectioning for Burnup and Metal lography 

F u r t h e r d i sa s sembly of the diode consis ted of remova l of smal l sect ions from 
component pa r t s for meta l lographic examination and for burnup analysis of the fuel. A 
diamond cutting wheel was used to sect ion the emi t t e r and a coarse abras ive wheel was 
used for cutting all other components . The burnup sample was a complete c r o s s sect ion 
of the fuel about 1/4 in. long removed from the axial center of the e m i t t e r . The r e s t of 
the emi t t e r was sectioned longitudinally and one half of each of the upper and lower s e c ­
tions were set aside for longitudinal meta l lographic s a m p l e s . Also, the remain ing half 
of the upper sect ion of the emi t t e r was set aside for a t r a n s v e r s e meta l lography sample . 
Small longitudinal sect ions of the emi t t e r support r ing , the main diode insula tor , the 
collector and heat exchanger , and the tube connecting the ces ium r e s e r v o i r to the diode 
were also removed for meta l lographic examinat ion. 

Examinat ion of the surface of the inner tungsten cladding of the emi t t e r revealed 
s eve ra l c r acks and a deposit of UO2 at the top and bottom of the fueled sect ion (Fig­
u re 16). No separa t ion of the fuel from ei ther of the claddings o c c u r r e d during sect ion­
ing or subsequent handling. 

Metal lographic Examinat ion 

Sections of the i r r ad ia t ed SD-4 diode along with sect ions of the emi t t e r and ce­
r a m i c seal of the noni r rad ia ted SD-2 diode heated e lec t r i ca l ly for 2500 hr were p repa red 
for meta l lographic examinat ion by mounting them in an epoxy r e s i n . The samples were 
p r e p a r e d by grinding through 240-, 400- , and 600-gr i t SiC paper and then rough polished 
with 1/2-jU-diameter diamond dust on a si lk cloth with kerosene as a lubr icant . The final 
polish was made with Linde A on a Microcloth with water as a lubr icant . The fuel was 
etched with a solution of 10 cm3 of H2SO4, 90 cm3 of H2O2, and 1 cm3 of H F . The r h e ­
nium cladding was examined under polar ized light so that no etchant was r equ i r ed . Also, 
the AI2O3 in the c e r a m i c sea l was not etched. The etchant used for the col lector , which 
was p r i m a r i l y niobium with a vapor-depos i ted layer of molybdenum on the col lector s u r ­
face, was a solution of 50 cm3 of lactic acid, 30 cm3 of HN03^ and 2 cm3 of H F . 
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FIGURE 15. CESIUM RESERVOIR FOR SD-4 
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FIGURE 16. INSIDE SURFACE OF EMITTER CAVITY 
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In the SD-2 diode, operated 2500 hr out-of-pi le , the m i c r o s t r u c t u r e of the fuel was 
considerably changed from that of the as - fabr ica ted m a t e r i a l (Figure 17a). Areas of fuel 
near the inner d iameter or heat- input surface of SD-2 were a lmost completely devoid of 
tungsten m a t r i x m a t e r i a l (Figure 17b), Away from the l i n e r - c e r m e t in ter face , consid­
erab le void space developed at the fue l -mat r ix interfaces (Figures 17c and 17d). It is 
believed that these voids were the r e su l t of growth and r ecove ry p r o c e s s e s occur r ing 
during t h e r m a l cycling. 

The same type of migra t ion (Figure 18a) occur red in the i r r ad ia t ed m a t e r i a l at the 
inner l i n e r - c e r m e t interface but to a much l e s s e r degree than in the noni r rad ia ted 
m a t e r i a l . The t he rma l gradient in the i r r ad ia t ed m a t e r i a l may have been sma l l e r than 
in the non i r r ad ia t ed m a t e r i a l . In the noni r rad ia ted m a t e r i a l , the source of heat was a 
hea te r in the emi t t e r cavity, whereas in the i r r ad ia t ed emi t t e r the source of heat was 
the fission p roces s which, because of the attenuation of the neu t rons , was g rea te s t at 
the outer d iameter sur face . Some heat was being generated throughout the fuel, how­
ever . There was a much l a rge r amount of porosi ty and cracking in the i r r ad i a t ed fuel 
(Figure 19) than in the noni r rad ia ted fuel. Some of the voids may have developed, as in 
SD-2, during the initial 100-hr out-of-pile e l ec t r i ca l ly heated t e s t , but the inc rease in 
size and number of voids and c racks in the i r r ad ia t ed m a t e r i a l is believed to be due 
p r i m a r i l y to the accunnulation of fission products genera ted during the i r rad ia t ion . It is 
doubtful that the t h e r m a l cycling was m o r e severe in the i r r ad i a t ed m a t e r i a l than in the 
noni r rad ia ted m a t e r i a l . 

As noted during the visual examinat ion, there appeared to be UO2 deposited at both 
the top and the bottom of the emi t te r cavity. These a r e a s a re i l lus t ra ted in F igures 20 
and 21 . The UO2 deposited in these a r e a s by vapor t r a n s p o r t was significantly different 
from the UO2 inside the cladding in that it appeared to have a columnar s t ruc tu re rad ia t ­
ing away from the surface to which it was at tached. Also, mos t of it was re la t ive ly free 
of the tungsten m a t r i x m a t e r i a l . 

Composite photomicrographs of the emi t t e r samples were obtained and are p r e ­
sented in F igures 22, 23, and 24. Each composite has higher magnification in se r t s in­
cluded to show the condition of the fuel at different locations along the length of the emi t ­
t e r . Figure 23 is a t r a n s v e r s e c ro s s sect ion of half of the ennitter at about the axial 
center of the e m i t t e r . There seems to have been less movement of UO2 and/or tungsten 
m a t r i x near the top of the emi t t e r than in the middle or at the bottom. The fact that the 
inner tungsten cladding is considerably thinner on one side than on the other is believed 
to be the resu l t of fabricat ion p rocedures and not of movement of tungsten into the fuel. 
Figure 25 is a highly magnified view of the a rea shown in the c i rc led a r ea labeled "A" in 
Figure 23. This a r ea shows that the UOo has taken on a columnar grain s t ruc tu re and 
must have operated at considerably higher t e m p e r a t u r e s than the surrounding UO2 p a r ­
t i c l e s . The identity of the white-looking pieces of m a t e r i a l shown in this a r e a was not 
es tabl ished. It was believed that they could be e i ther tungsten or the f i ss ion-product 
alloy often found in i r r ad ia t ed UO2. However, autoradiography, d iscussed l a t e r , indi­
cated that this m a t e r i a l is not the f iss ion-product alloy. It was concluded that these 
a r ea s resu l ted irom localized var ia t ions in chemis t ry (stoichiometry) which may have 
nucleated during the out-of-pile e lec t r i ca l ly heated tes t ing . 



I 

r̂ \. 
•'*'i^-«->~*»«^-^-'. '̂  

•• i'j 
'••J' 

OD739 

lOOX 
RM41652 50X 

a. As-Fabricated Fuel 
Inside Clad-Fuel Interface 

lOOX 
OD743 250X 

OD744 

f 
I 

c . Typical Area Near Fuel 

FIGURE 17. MICROSTRUCTURE OF THE FUEL 
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FIGURE 18 MICROSTRUCTURE OF IRRADIATED FUEL AT CLADDING-CORE INTERFACES 
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FIGURE 19. TYPICAL MICROSTRUCTURES OF IRRADIATED FUEL 
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FIGURE 20 UO2 DEPOSITED NEAR THE TOP OF THE EMITTER 
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FIGURE 21 . U02 DEPOSITED AT THE BOTTOM OF THE EMITTER 
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FIGURE 22. COMPOSITE OF TOP HALF OF EMITTER 
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FIGURE 23. COMPOSITE OF TRANSVERSE CROSS SECTION OF FUEL NEAR AXIAL 
CENTER OF EMITTER 
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F I G U R E 2 5 . A P P A R E N T HOT S P O T IN F U E L 
N E A R INNER C L A D D I N G - C O R E 
I N T E R F A C E 

The m i c r o s t r u c t u r e of the r h e n i u m c l a d d i n g ( e m i t t e r s u r f a c e ) r e v e a l e d t h a t t he 
g r a i n s at the e m i t t i n g s u r f a c e w e r e , in g e n e r a l , m u c h l a r g e r t h a n the g r a i n s in the i n t e ­
r i o r of t he c l a d d i n g and a t the c l a d d i n g - f u e l i n t e r f a c e . A l s o , t he g r a i n s i z e in t he i n t e ­
r i o r of the c l a d d i n g and a t the c l a d d i n g - f u e l i n t e r f a c e w a s m u c h l a r g e r in the fue led a r e a 
of t he e m i t t e r t h a n it w a s in the non fue l ed a r e a s . T h e g r a i n s i z e a t the e m i t t i n g s u r f a c e , 
h o w e v e r , d id not a p p e a r s i g n i f i c a n t l y d i f f e r e n t in t he fue led a r e a a s c o m p a r e d to t h e n o n -
fue led a r e a s . F i g u r e 26 s h o w s r e p r e s e n t a t i v e m i c r o s t r u c t u r e s of t h e r h e n i u m c l a d d i n g 
above the fuel , at the t op of the fuel , n e a r the c e n t e r of the fuel , and n e a r t he b o t t o m of 
t he fue l . F i g u r e 27 s h o w s , a t h i g h e r m a g n i f i c a t i o n , the s t r u c t u r e s a t t he t op a n d n e a r 
the c e n t e r of the fue led r e g i o n of the e m i t t e r . T h e r e i s l i t t l e or no change in g r a i n s i z e 
a t t h e e m i t t i n g s u r f a c e in t he fue led a r e a s a s c o m p a r e d to t he nonfue led a r e a , bu t t h e r e 
i s a g r e a t d i f f e r e n c e in the g r a i n s i z e s a t the two l o c a t i o n s a s m a l l d i s t a n c e in f r o m t h e 
e m i t t i n g s u r f a c e . M a c h i n i n g of t he r h e n i u m r e s u l t e d in co ld w o r k i n g of t he o u t e r l a y e r 
of m e t a l , p r o v i d i n g a d r i v i n g f o r c e for r e c r y s t a l l i z a t i o n and g r a i n g r o w t h . G r a i n g r o w t h 
a l s o o c c u r r e d in the u n w o r k e d i n t e r i o r r h e n i u m o p p o s i t e the fuel but to a l e s s e r e x t e n t . 
L i t t l e o r no g r a i n g r o w t h o c c u r r e d in the u n w o r k e d i n t e r i o r r h e n i u m in the nonfue led a r e a 
of t he e m i t t e r . 

r 
The meta l lographic study of the col lector and heat exchanger consis ted of examina­

tion of the col lector surface for evidence of any kind of react ion or at tack and an exanai-
nation of the hea t e r s and weld a r ea s attaching the heat exchanger to the col lec tor . A thin 
layer of molybdenum had been vapor deposited on the niobium col lector surface p r io r to 
i r r ad ia t ion . It appeared that the molybdenum layer was st i l l very uniform and about 
0.4 mi l (10 jj.) thick. There was no evidence of any reac t ion or cor ros ive attack on this 
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lOOX 

a. Above the Fueled Area 

i 

HC21594 lOOX HC21592 
b. Neat the Top of the Fueled Area 

lOOX HC21599 

c. Near the Center of the Fueled Area 
lOOX HC21600 

d. Near the Bottom of the Fueled Area 

FIGURE 26. REPRESENTATIVE MICROSTRUCTURES OF THE RHENIUM 
CLADDING (EMITTER) POLARIZED LIGHT 

1 
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500X HC21595 
a. Near the Top of the Fuel 

r 
500X HC21604 

b Near the Center of the Fuel 

FIGURE 27. REPRESENTATIVE MICROSTRUCTURE OF THE RHENIUM CLADDING 

(EMITTER MATERUL) AT HIGH MAGNIFICATIONS 
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s u r f a c e ( F i g u r e 2 8 ) . T h e r e w e r e s o m e d e p r e s s i o n s i n t h e s u r f a c e of t h e c o l l e c t o r b u t 
t h e f a c t t h a t t h e r e w a s s u c h a u n i f o r m c o a t i n g of m o l y b d e n u m i n d i c a t e d t h a t t h e s e d e p r e s ­
s i o n s w e r e t h e r e a f t e r m a c h i n i n g of t h e c o l l e c t o r . 

T h e e x a m i n a t i o n of t h e h e a t e r s a n d t h e h e a t e x c h a n g e r d i d n o t r e v e a l a n y t h i n g u n ­
u s u a l ( F i g u r e 2 9 ) . M o s t of t h e b r a z e s a p p e a r e d t o b e e x c e l l e n t , a l t h o u g h i n o n e c a s e 
( F i g u r e 2 9 d ) w h e r e t h e h e a t - c h o k e f in w a s b r a z e d t o t h e n i o b i u m c o l l e c t o r , t h e r e a p ­
p e a r e d t o b e i n c o m p l e t e p e n e t r a t i o n of t h e b r a z e r a e t a l . In g e n e r a l , t h i s a r e a of t h e 
d i o d e a p p e a r e d t o b e in e x c e l l e n t c o n d i t i o n , h o w e v e r . 

T h e a r e a of m o s t c o n c e r n i n t h e e m i t t e r s u p p o r t r i n g w a s t h e a r e a of t r a n s i t i o n 
f r o m t h e r h e n i u m e m i t t e r t o t h e m o l y b d e n u m e m i t t e r s u p p o r t r i n g . F i g u r e 3 0 p r e s e n t s 
r e p r e s e n t a t i v e v i e w s of t h i s a r e a i n t h e a s - p o l i s h e d c o n d i t i o n a n d u n d e r p o l a r i z e d l i g h t . 
N o s i g n i f i c a n t d e t e r i o r a t i o n w a s e v i d e n t i n t h i s a r e a . A s e c o n d a r e a of c o n c e r n w a s t h e 
n i o b i u m - t o - n i c k e l t r a n s i t i o n a r e a i n t h e t u b e c o n n e c t i n g t h e c e s i u m r e s e r v o i r t o t h e c o l ­
l e c t o r . A p h o t o m i c r o g r a p h of t h i s t r a n s i t i o n a r e a i s p r e s e n t e d i n F i g u r e 3 1 , T h i s a r e a 
a l s o a p p e a r e d t o b e i n e x c e l l e n t c o n d i t i o n . T h e r e w a s s o m e e v i d e n c e of a s l i g h t c o r r o ­
s i v e a t t a c k o n t h e n i c k e l s u r f a c e w h i c h w a s e x p o s e d t o t h e c e s i u m v a p o r , b u t i t d i d n o t 
a p p e a r t o b e e n o u g h t o c a u s e c o n c e r n . 

In t h e m e t a l l o g r a p h i c e x a m i n a t i o n of t h e u p p e r c e r a m i c i n s u l a t o r a n d t h e n i o b i u m 

s u p p o r t f l a n g e s i n b o t h t h e S D - 2 o u t - o f - p i l e d i o d e a n d t h e S D - 4 i r r a d i a t e d d i o d e t h e A I 2 O 3 

a p p e a r e d p o r o u s . P h o t o n a i c r o g r a p h s a r e s h o w n i n F i g u r e 3 2 . T h e p h o t o m i c r o g r a p h s 

a l s o a p p a r e n t l y s h o w a g a p b e t w e e n t h e n i o b i u m f l a n g e a n d t h e A K O o i n b o t h t h e o u t - o f -

p i l e a n d t h e i r r a d i a t e d s a m p l e s . I n b o t h c a s e s , t h e m e t a l l i z i n g l a y e r a p p e a r e d t o b e 

b o n d e d t o t h e A I 2 O 3 , b u t i n n e i t h e r c a s e d i d t h e b r a z e m a t e r i a l a p p e a r t o b e b o n d e d t o 

t h e m e t a l l i z i n g l a y e r , a n d o n l y i n t h e S D - 4 d i o d e d i d t h e b r a z e m a t e r i a l a p p e a r t o b e 

b o n d e d t o t h e n i o b i u m . T h e s e o b s e r v a t i o n s c o u l d b e a r t i f a c t s , h o w e v e r , i n v i e w of t h e 

d i f f i c u l t y i n p o l i s h i n g m e t a l l i z e d - l a y e r i n t e r f a c e s . H e l i u m l e a k c h e c k i n g of t h e i n t e r -

e l e c t r o d e s p a c e i n d i c a t e d , h o w e v e r , t h a t t h e r e w e r e n o l e a k s i n t h i s a r e a , t h u s s u g g e s t ­

i n g t h a t t h e c e r a m i c a n d c e r a m i c - t o - m e t a l b r a z e s w e r e n o t p e r m e a b l e t o h e l i u m , a t l e a s t 

w i t h i n t h e s e n s i t i v i t y of t h e h e l i u m i l e a k d e t e c t o r , w h i c h i s a b o u t 1 0 " ^ c m ^ p e r s e c . 

M i c r o h a r d n e s s m e a s u r e m e n t s o n b o t h t h e n o n i r r a d i a t e d a n d t h e i r r a d i a t e d c e r a m i c 

i n s u l a t o r s s h o w e d v e r y l i t t l e d i f f e r e n c e i n t h e h a r d n e s s . T h e d a t a a r e p r e s e n t e d i n 

T a b l e 5 a s K n o o p h a r d n e s s n u m b e r s a t a 1 0 0 - g l o a d i n g a n d a 5 - k g l o a d i n g . T h e 5 - k g 

l o a d i n g g i v e s a l o w e r h a r d n e s s n u m b e r b e c a u s e of t h e m u c h l a r g e r i n d e n t a t i o n , w h i c h 

o v e r l a p s p o r o s i t y . In g e n e r a l , t h e i r r a d i a t e d m a t e r i a l a p p e a r e d t o b e s l i g h t l y h a r d e r 

t h a n t h e u n i r r a d i a t e d m a t e r i a l b u t n o t s i g n i f i c a n t l y s o . 

TABLE 5. KNOOP MICROHARDNESS MEASUREMENTS ON THE CERAMIC INSULATORS FROM SD-2 AND SD-4 

Sample Knoop Hardness Number 
Condition Sample 100-G Load 5-Kg Load 

Nonirradiated (SD-2) 1 1098 908 
2 1390 1176 
3 1162 870 

Average 1211 985 

Irradiated (SD-4) 1 ^ 1118 931 

«F 

2 I'm 898 
3 mm 1217 

Average 1247 1015 

I 
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lOOX HC21631 

a. As Polished with Oblique Lighting 

35 

250X HC21635 

b . As Polished with Oblique Lighting 

(Cut Surface at Right) 

f 
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500X HC21661 

c. Etched 

lOOOX HC21663 

d. Etched 

FIGURE 28. VAPOR-DEPOSITED LAYER OF MOLYBDENUM 

ON THE NIOBIUM COLLECTOR SURFACE 

t̂gOM^JDENTaHL 
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40X HC21624 
a. Heaters and Braze Area 

40X HC21622 

b Heat-Choke Fin Braze to Heat Exchanger 

lOOX HC21589 

c Heat-Choke Fin Braze to Heat Exchanger 
40X HC21623 

d Heat -Choke Fin Braze to Collector 

FIGURE 29. MICROSTRUCTURES OF REPRESENTATIVE AREAS OF 

THE HEAT EXCHANGER 1 
I 
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lOOX HC21659 
a. As Polished Under Normal Light 

lOOX HC21658 
b. As Polished Under Polarized Light 

FIGURE 30. AREA OF THE WELD BETWEEN THE RHENIUM EMITTER AND 

THE MOLYBDENUM SUPPORT PLUG 

40X HC21638 

FIGURE 3 1 . NIOBIUM-TO-NICKEL WELD IN THE TUBE CONNECTING 

THE INTERELECTRODE SPACE TO THE CESIUM RESERVOIR 
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125X 

OD747 250X 

a. Out-of-Pile Diode (SD-2) 

FIGURE 32. 

HC21889 250X 

b. In-Pile Diode (SD-4) 

COMPARISON OF CERAMIC INSULATORS USED IN 
OUT-OF-PILE AND IN-PILE DIODES 

HC21887 
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Determinat ion of F i s s i o n - P r o d u c t Distr ibut ion 

Autoradiography 

Autoradiographs were obtained of the polished surfaces of the fueled samples p r e ­
pared for meta l lographic examinat ion. Both beta and alpha autoradiographs were ob­
tained in order to obtain the f i ss ion-product dis t r ibut ion and the u ran ium distr ibut ion in 
the s a m p l e s . These , along with photomacrographs of the s amp le s , a re p resen ted in 
F igures 33 through 4 1 . The beta au torad iographs(U* were obtained with h igh-resolu t ion , 
low-sens i t iv i ty photographic p l a t e s . The alpha autoradiographs(2) were obtained by 
placing the surface against a thin film of cellulose n i t r a t e . The cellulose ni t ra te was 
etched with NaOH to br ing out the alpha t r a c k s . The density of the t r a cks is a d i rec t 
function of the amount of a lpha-emit t ing m a t e r i a l . 

The beta rad iographs showed that the concentrat ion of fission products in the fuel, 
as was expected, was cons iderably g rea t e r near the outer d iameter than at the inner 
d i ame te r . The concentrat ion should diminish uniformly with distance from the outer 
surface because the number of fissions per unit volume d e c r e a s e s with distance from the 
outer su r face . Also , because the ends see m o r e neutrons than the cen te r , the concen­
t ra t ion of fission products should be g rea te r near the ends . There was no evidence of 
migra t ion of the fission p roduc t s , however , and the alpha autoradiography showed no 
var ia t ion in intensi ty . In genera l , the autoradiography of the fuel did not indicate the oc­
cur rence of anything unusual . 

Gamma Scanning 

A study of the axial and rad ia l dis t r ibut ion of fission products in the diode was con­
ducted by measu r ing the gamma energy s p e c t r u m at inc rements along the length of the 
diode and at inc rements along the radius of the fuel. The axial dis tr ibut ion was studied 
both before and after the emi t t e r was sepa ra ted from the r e s t of the diode. The rad ia l 
dis t r ibut ion was de te rmined after the emi t t e r was sect ioned longitudinally. In each case 
the sample was t r a v e r s e d pas t a shielded coll imating sl i t 0.5 in. wide by 0.002 in. high 
by 12 in. long. The gamma energy spec t rum was r eco rded using a mult ichannel analyzer 
and a 1,5 by 1.5 in. Nal (Tl) c rys ta l at each increment along the length (radius) of the 
fuel. Standard sources of Cs^^T and Ra226 having photopeaks of known energ ies were 
run to es tabl ish the energy levels of the f i ss ion-product spec t rum. No at tempt was made 
to identify any of the photopeaks by half-life s tud ies . Four dist inguishable photopeaks 
were chosen for de terminat ion of the activity ve r sus the length and breadth of the fuel. 
These peaks a re believed to be due to e i ther one or a combination of the isotopes l i s ted 
in F igures 42 through 49, which i l lus t ra te how the activity of these fission products 
va r i e s both axially and rad ia l ly . It appears from these graphs that the fission products 
did not mig ra t e apprec iably . The curves in F igures 44 and 48, which include the activity 
of the fission product C s l 3 7 do appear to be slightly m o r e e r r a t i c than the o the rs , indi­
cating the possibi l i ty of some red is t r ibu t ion of the isotopes involved. This is not s u r ­
pr i s ing in the case of ces ium, which has a boiling point of 690 C, well below the i r r a d i a ­
tion t e m p e r a t u r e . 

* References at end 
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-8 .5X AR153 

FIGURE 33. ALPHA AUTORADIOGRAPH OF TRANSVERSE CROSS SECTION NEAR AXIAL 
CENTER OF EMITTER 

~8.5X AR154 

FIGURE 34. BETA AUTORADIOGRAPH OF TRANSVERSE CROSS SECTION NEAR AXLAL 
CENTER OF EMITTER 

-8 .5X P1429 

FIGURE 35. PHOTOMACROGRAPH OF TRANSVERSE CROSS SECTION NEAR AXIAL 

CENTER OF EMITTER 
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lOX AR155 

FIGURE 36. ALPHA AUTORADIOGRAPH OF TOP HALF OF EMITTER 
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lOX AR156 

FIGURE 37. BETA AUTORADIOGRAPH OF TOP HALF OF EMITTER 
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lOX 

FIGURE 38. PHOTOMACROGRAPH OF TOP HALF OF EMITTER 

P1431 
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lOX AR157 

FIGURE 39. ALPHA AUTORADIOGRAPH OF BOTTOM HALF OF EMITTER 
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AR158 

FIGURE 40. BETA AUTORADIOGRAPH OF BOTTOM HALF OF EMITTER 
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FIGURE 4 1 . PHOTOMACROGRAPH OF BOTTOM HALF OF EMITTER 
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FIGURE 42. ACTIVITY OF THE FISSION PRODUCTS BARIUM-140, CERIUM-141, AND/OR 
CERIUM-144 VERSUS THE LENGTH OF THE EMITTER 
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Chemical and Vacuum-Fus ion Analyses 

Severa l samples were taken from var ious locations in the diode and sem.iquantita-
t ive analyses by X - r a y emi s s ion were obtained. The r e su l t s of these analyses a re p r e ­
sented in Table 6 along with the location from which each sample was taken. In all 
c a s e s , the sample was obtained by scraping the des i red surface with a sharp-edged tool 
or a fine-tooth r o t a r y file. It is bel ieved that the UO2 and tungsten found in the sample 
removed from the emi t t e r surface were dislodged from the emi t t e r cavity at the t ime 
the sample was taken and contaminated the surface sample . 

TABLE 6. SEMIQUANTITATIVE ANALYSES OF SAMPLES 
FROM THE SD-4 DIODE BY X-RAY EMISSION(a) 

Element , w /o 
Sample Location U W Re Mo Nb Cs Cu 

Bottom of heat shield at top of emi t t e r Major(") 

E m i t t e r surface 36. 14. 14. 14. 21. <0. 3 <0. 3 

Collector surface 

Top surface of bottom c e r a m i c 
insulator bushing 

<0. 1 <0. 1 <0, 1 1.5 98. <0. 1 <0. 1 

<0. 1 <0. 1 <0. 1 1.5 9 .8 <0,3 <0. 1 

f 
I 

(a)Estimated accuracy of analyses is ±50 percent. 
(b)Background due to high radiation level of sample masked all lines except those for uranium. 

There is no readi ly apparent explanation as to why molybdenum and niobium were 
p r e sen t in the samples of the emi t t e r surface and the bottom c e r a m i c insulator bushing. 
Work pe r fo rmed at L R L ( 3 ) indicates that vaporizat ion of molybdenum or niobium should 
not be appreciable at t e m p e r a t u r e s below 1500 C. Calculat ions of the amount of molyb­
denum that would have vapor ized in a h a r d vacuum at a t e m p e r a t u r e of 900 C (maximum 
collector t empera tu re ) were o r d e r s of m.agnitude l ess than that found on the emi t t e r s u r ­
face alone. Sampling p rocedures were moni tored carefully, and it is bel ieved that there 
was no c ross contamination of samples e i ther during the sampling or the ana lyses . 

It was expected that an appreciable quantity of osmium would be p re sen t in the 
emi t t e r sample as a r e su l t of neutron activation and decay of rhen ium. The sample r e ­
moved from the emi t t e r surface was thus specif ical ly analyzed for osmium, but no 
osmium was detected. However, the molybdenum, rhenium, and copper in the samples 
have X - r a y lines which in ter fere with the major l ines of osmium. This in te r fe rence , 
coupled with the fact that osmium exhibits weak lines under the bes t conditions, made 
its detection very unlikely. Similar p rob lems a re encountered with the detection of 
osmium by atomic absorpt ion and by m a s s spect roscopy, so no further a t tempts to de­
t e rmine the amount of osmium presen t were made . 

Both the diode and the ces ium r e s e r v o i r were hea ted in a vacuum furnace in o rder 
to drive off and collect any volatile m a t e r i a l . Heat t r e a t m e n t s were conducted at 



56 

650 and 750 C and some m a t e r i a l or m a t e r i a l s were removed as evidenced by the deposi 
tion of a white powder on the surface of the bell j a r of the sys t em. A sample of this 
m a t e r i a l was removed and, because of its high activity, was analyzed by g a m m a - r a y 
spec t roscopy . P r i o r to chemical separa t ions only Cs l34 could be observed, but follow­
ing the r emova l of ces ium by si l icotungstate prec ip i ta t ions , Zn"5 -^as detected. The 
p re sence of Zn°5 nuclide was confirmed by a rad iochemica l separa t ion for z inc . The 
specific activity of the Zn°5 nuclide in the powder was about 10 m i c r o c u r i e s per mg of 
powder. The Cs l34 in the sample was the r e su l t of neutron activation of the Cs^33 in the 
the diode. The Zn^5 r e su l t ed from the neutron activation of Cu"3 to Cu°4 and its sub­
sequent decay to Zn^^ which, in turn, exper ienced neutron activation to Zn°5_ 

V 

In o rde r to de termine the effectiveness of the z i rconium get ter , vacuum-fusion 
analyses were pe r fo rmed on duplicate samples from the get ter and from the copper cool­
ing s t raps connecting the heat exchanger to the ces ium r e s e r v o i r . The r e su l t s of these 
analyses (Table 7) indicated that mos t of the available oxygen and hydrogen was ge t tered 
by the z i rconium. It is in te res t ing to note that both of the copper samples contained 
smal l quanti t ies of hel ium, whereas the z i rcon ium samples did not. 

TABLE 7. VACUUM-FUSION ANALYSES OF SELECTED SAMPLES 
FROM SD-4 

Amount of E lemen t P r e s e n t , cm^ per g 
of m a t e r i a l 

Sample O- H : He 

Zirconium getter 

Copper cooling s t r a p 

1.63 

1.56 

0. 105 

0. 065 

1.35 X 10-3 

2.39 X 10-2 

2.66 X 10-4 

9.32 X 10-4 

2.66 X 10-4 

1.42 X 10-4 

CONCLUSIONS 

The major significant conclusions made from the pos t i r rad ia t ion examinat ion of 
the SD-4 a re as follows: 

(1) Apparent ly, about 80 percen t of the fission gas genera ted was r e l e a s e d 
from the fuel. The fission gas escaped from the diode through a leak in 
the gas - sampl ing tube. 

(2) There was some red is t r ibu t ion of UO2 through c racks in the tungsten 
inner l ine r . The l iner , and the tungsten ma t r i x , evidently r e t a rded 
gross red i s t r ibu t ion and loss of fuel. 

^ 
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A 2 to 3 percen t i nc rease in the outer d iameter of the rhenium emi t t e r 
did not significantly affect its per formance at the approximately 1600 C 
operat ing t e m p e r a t u r e . 

There was no significant difference in the outer surface grain s t ruc tu re 
of the rheniura emi t t e r over the fueled zone as compared to the unfueled 
zone, indicating that the surface obtained by p re i r r ad i a t ion t r ea tmen t s 
was stable and not affected by the i r r ad ia t ion . 

The vacuum-deposi ted molybdenum surface layer applied to the niobium 
collector was apparent ly not affected by the i r rad ia t ion . 

The diode s t r u c t u r a l welds and b r a z e s were apparently not affected by 
the i r r ad ia t ion . 

The alumina insula tor was not significantly affected by the i r rad ia t ion . 
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